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in  this  report  we  describe  a  teat  apparatas  and  detailed  procedure  for 
carrying  out  reproducible  conditioning  of  material  samples  by  controlled 
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the  du  Pont  chlorobutyl  material  proposed  for  use  in  the  Propellant  Handler's 
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known  as  Cloropel,  - — 

Our  results  for  amples  of  the  PHE  coverall  mitarlal  Indicate  that  the  IIO2 
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dissoclafM  into  If02*  Therefore,  these  experimental  parameters,  which  were 
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shpuM  be  defined  and  controlled  in  future  tests* 
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specification  for  tha  PHE  coverall  nater:'^*  On  the  other  hirnd,  the  CHEK 
coverall  material  deteriorated  severely  daring  the  conditioning  and  thus  could 
not  be  evaluated  according  to  the  NASA  qualification  test  procedure* 
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I.  INTRODUCTION 


A.  PROBLEM  AND  PURPOSE 

The  NO2  perrseatlon  test  procedures  that  have  been  used  to  evaluate  the 
new  Propellant  Handler's  Ensemble  (PHE)  coverall  material  did  not  adequately 
define  the  important  experimental  parameters.  Therefore,  in  this  report 
critically  review  these  permeation  test  procedures  and  describe  a  new 
permeation  test  apparatus  and  procedure  that  is  Intended  to  allow  for 
Interlaboratory  comparison  of  NO2  permeation  results  in  future  tests. 

We  have  applied  this  test  procedure  and  apparatus  to  three  coverall 
materials  in  order  to  determine  their  permeation  resistance  under  various 
experimental  conditions  and  to  establish  the  importance  of  the  various 
experimental  variables. 

Our  results  have  provided  an  important  data  base  that  established  the 
need  for  improvements  in  the  referenced  military  specifications  for  coverall 
materials.  From  our  data  we  were  able  to  make  several  recommendations  for  the 
new  military  specification  when  it  was  reviewed  in  1984. 

B.  ORGANIZATION 

This  report  is  organized  to  allow  rapid  access  to  the  various  topice  that 
are  discussed.  The  introduction  is  broken  into  three  sections.  The  purpose 
of  this  report  is  briefly  defined  in  the  above  section.  A  background  to  the 
problem  is  given  in  the  next  section. 

Section  II  of  this  report  provides  a  detailed  description  of  the  earlier 
permeation  test  procedure  and  explains  why  it  ia  inadequate. 

Section  III  briefly  describes  the  new  test  apparatus,  the  coverall  mate¬ 
rials,  chemicals,  and  calibration  techniques,  and  briefly  outlines  the  main 
components  of  the  new  conditioning  and  NO2  permeation  testing  procedures.  The 
NO2  breakthrough  time  is  defined  in  this  section.  A  more  detailed  description 
of  the  apoaratus  is  provided  In  Appendix  A.  A  more  detailed  description  of 
the  conditioning  and  permeation  test  procedures  is  provided  in  Appendix  B. 
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Section  IV  presents  the  results  end  discussion  of  our  NO2  pemestion 
tests.  The  discussion  is  broken  into  sections  that  refer  to  particular  sets 
of  data  in  order  to  establish  tiie  effect  of  each  of  the  experimental  para¬ 
meters  upon  the  tins  to  attain  NO2  breakthrough  (as  defined  in  Section  III). 

The  nain  experimental  results  and  their  implications  for  future 
permeation  test  procedures  are  sunmarlxed  in  Section  V. 

C.  BAOCGRODIID 

Personnel  carrying  out  h^pergollc  propellant  transfer  operations  for  the 
Space  Shuttle  and  for  expendable  launch  vehicles  such  as  Titan,  Agena,  and 
Scout  require  protective  equipment  to  prevent  their  being  exposed  to  toxic  and 
haaardous  vapors  and  liquids.  NASA  was  the  lead  federal  agency  responsible 
for  developing  a  new  self-contained  atmospheric  protective  ensemble  called  the 
Propellant  Handler's  Ensemble  (PKB),  designed  for  use  in  hypergolic  transfer 
operations  involving  the  following  propellants:  dinltrogen  tstroxide  (H20^), 
hydrasinm  (HT),  monomethylhydrasine  (lOCH),  and  unsymnetrlcal  dimethylhydrasins 
(UDMR).  The  Air  Force  Systems  Command's  Space  Division  also  participated  in 
that  development  effort  and  contracted  with  ILC  Dover  to  purchase  PHEs  to 
replace  existing  protective  equipment. 

As  a  result  of  the  sv.'cisfactory  performance  of  chlorobutyl  materials  used 
in  the  construction  of  sarlisr  protective  ensembles  worn  li  hypergolic  envi¬ 
ronments,  ILC  Dover  selected  s  chlorobutyl  material  prepared  by  E.  I.  du  Pont 
de  Nemours  sod  Co.,  Inc.  (du  Pont)  for  the  construction  of  the  PUE  coverall. 
Since  Che  specification  of  a  generic  material  was  not  enough  to  ensure  chat 
its  permestion  resistance  would  be  comparable  with  earlier  formulations,* 
specific  permeation  testing  of  the  proposed  Mtsrial  was  necessary.  The  NASA 
specification^  for  the  PKE  specified  a  permeation  Cast  procedure  and  an 
acceptable  permeation  rate  that  are  to  be  used  to  determine  whether  or  not  the 
du  Pont  material  qualifies  for  use  in  the  PHE. 

Three  laboratories  carried  out  N02/N20^  permeation  tests  on  the  PHE 
coverall  material  to  determine  its  resistance  to  permeation  by  NO2  and 
reported  Che  following  results: 
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A.  D.  Little,  Inc.  (ADL)^  reported  that  the  PHE  coverall  material 
failed  their  NO2  permeation  teat  (NO2  permeated  the  PHE'  coverall 
material  after  30  min). 

2.  The  Martin  Marietta  Corporation  (MMC)^  reported  that  the  PHE 
coverall  material  passed  the  military  specification'  for  permeation 
resistance  but  was  permeated  by  the  NO2  after  approximately  45  min. 

3.  The  NAHA  Materials  Testing  Section  (NASA-KTS)^  reported  that  the  PHE 
coverall  material  resisted  {K}2  peneeatlon  for  more  than  2  hr. 
Indicating  superior  permeation  resistance. 

Because  of  the  apparent  conflict  between  the  results  reported  by  the 
three  laboratories  (which  used  three  different  permeation  test  procedures), 
the  Air  Force  Systema  Command's  Space  Division  has  continued  to  review  the  PHE 
program  Independently.  Therefore,  the  Mission  Assurance  Directorate  requested 
that  we  review  the  three  permeation  tests  to  evaluate  the  NO2  permeation 
resistance  of  the  du  Pont  chlorobutyl  coverall  material. 

q 

The  Aerospace  Corporation  has  reviewed  the  permeation  tests  In  detail 

and  enumerated  the  potentially  significant  deviations  from  the  Qualification^^ 

and  Military  Specification^  Test  Procedures,  which  were  evident  upon  close 

5  4  q 

examination  of  the  test  procedures  reported  by  ADL,  MMC,”  and  NASA-KTS* 

Since  neither  the  (^lallflcatlon  nor  the  Military  Specification  Test  Procedures 
were  followed  In  the  reported  permeation  tests,  there  are  no  reliable  data 
that  can  be  used  to  qualify  the  du  Pont  material  for  use  in  the  PHE. 

In  response  to  the  Program  Office's  request  for  guidance  regarding  the 
capability  of  the  PHE  chlorobutyl  material  to  resist  NO2  permeation,  we 
carried  out  a  preliminary  head-to-head  comparison  of  the  PHE  material  with  two 
other  chlorobutyl  materials.  Since  the  du  Pont  chlorobutyl  material  used  In 
the  Rocket  Fuel  Handler's  Clothing  Outfit  (RFHCO)  had  previously  been  tested 
by  MMC^^  and  was  found  to  have  excellent  resistance  to  hypergol  permeation,  we 
ranked  the  permeation  resistance  of  the  PHE  material  against  the  RFHCO  mate¬ 
rial  by  using  a  N20^  splash  permeation  test  procedure  that  we  had  previously 
used  to  evaluate  the  relative  resistance  of  40  materials  to  permeation  by 
N02.^''^  By  performing  similar  tests  on  the  RFHCO  material  and  the  proposed 
PHE  material,  wu  ranked  the  permeation  resistance  of  the  two  materials  on  a 
relative  basis.  If  the  PHE  material  had  demonstrated  NO2  permeation 


rtnintanc*  equal  or  auperlor  to  that  of  tha  RFHCO  wtcrlal,  than  its 
paraaation  raalatanca  aould  have  been  considered  adequate  for  use.  However, 
the  results  of  our  pameatlon  tests^^  Indicated  that  the  FHE  coverall 
■atarlal's  NO2  paraaatl;<o  reslstaoca  la  Inferior  to  that  of  the  two  other 
conoerclally  available  chlorobutyl  aaterlals  Included  In  our  tests. 

Therefore,  it  was  neceasarr  to  teat  the  PHR  aaterlal  according  to  the 
Qualification  Test  Procedure  and  coapare  its  pemsation  resistancs  to  the 
acceptance  criteria  of  the  NASA  specification. 

A  detailed  exaalnatlon  of  thu  Qualification  and  Military  Specification 
Test  Procedures  revealeo  tt:at  these  procedures  lack  esperiaiental  details 
concerning  aaterlal  conditioning,  design  criteria  for  the  experiaental 
apparatus,  and  control  aechanlaas  for  potentially  iaportant  experiaental 
paraaeters.  Therefore,  we  concluded  that  these  procedures  are  inadequate  for 
their  intended  purpose  of  being  standards  for  quantitative  peraeatlon  testing 
and  Interlaboratory  coaparlaon. 

In  order  to  quantitate  the  PRE  pemeation  resistance,  we  have  developed  a 
detailed  test  procedure  and  an  iaproved  tost  facility  that  allow  control  of 
all  experiaental  paraaeters,  including  the  following  that  had  not  previously 
been  defined  or  controlled:  the  absolute  teaperatuta  of  tha  liquid  hypergols 
and  the  peraeatlon  test  apparatus,  the  absolute  pressure  during  the  peraeatlon 
test,  and  the  concentration  of  the  Vl20^  vapor  during  the  pemeation  test.  We 
applied  this  apparatus  to  the  NO2  peraeatlon  testing  of  three  aaterlals:  the 
du  Pont  chlorobutyl  aaterlal  that  is  currently  used  In  the  construction  of  the 
Rocket  Fuel  Handler's  Clothing  (Xitfit  (RFHCO),  the  du  Pont  chlorobutyl 
aaterlal  proposed  for  use  in  the  Propellant  Handler's  Ensemble  (PHE),  and  the 
ILC  Dover  chlorinated  polyethylene  aaterlal  that  is  currently  used  in  the 
Cheaturion  (CHEM)  protective  enseable. 

In  this  rsport  we  eritlcslly  review  the  Qualification  Test  Procedure, 
describe  our  new  test  apparatus,  and  report  our  peraeatlon  test  results.  Our 
results  not  only  provide  a  relative  ranking  of  the  RO2  peraeatlon  resistance 
of  the  three  coverall  aaterlals  that  were  conditioned  and  tested  under 
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Idetk^  experimental  conditions,  but  also  determine  the  effects  r,i  che 
various  j  .  .Iraental  paravs*  ters  upon  the  NO2  breakthrough  time  of  the  ?HE 
coverall  material.  We  conc.-ide  this  report  with  recommendations  for  future 
permeation  test  procedures. 


11.  REVIEW  OF  THE  QUALlFiaTlON  TEST  PROCEDURE 


A.  PHE  QUALIPICATKW  TEST  PROGRAM  SPECIFICATIONS 

Th«  NASA  tpaelfleatlon  for  •ccepcaneo  of  a  coverall  aaterlal  for  use  In 
the  ?HE  requires  NO2  peraeaeloQ  testing  according  to  a  procedure  that  was 
developed  by  the  Martin  Marietta  Corporation.^  This  MMC  test  procedure, 
T79-80A,  appeared  In  the  Qualification  Test  Plan  i'or  Propellant  Handler's 
Enseable  with  Detailed  Test  Procedures. 

There  are  two  parts  to  MMC  test  procedure  T79-80A:  (1)  conditioning  of 
the  naterlal  by  eltematlng  exposures  to  liquid  N20^  and  ■onoaethylhydraalne 
(MHH),  and  (2)  NO2  peraeatlon  testing  of  the  conditioned  naterlal.  In  the 
conditioning  sequence  the  outside  of  the  fabric  Is  sequentially  exposed  to 
bypergola  while  the  Inside  and  edges  are  protected  fro*  direct  exposure.  The 
conditioning  sequence  In  T79-80A  consists  of  two  cyclus  of  the  following:  a 
1-nln  exposure  to  liquid  N20^,  a  1-nln  water  rinse,  a  24-hr  period  of  air 
drying,  then  a  l-adn  exposure  to  liquid  MNB,  a  I'^n  water  rinse,  and  a  24*'hr 
period  of  air  drying. 

The  peraeatlon  test  Is  carried  out  In  a  test  cell  that  allows  exposure  of 
the  conditioned  side  of  the  •aterial  to  saturated  N20^/N02  vapor  (at  roow 
teaperature  and  ataospherlc  pressure)  while  slaultaneously  aonltorlng  the 
concentration  of  In  the  t.^ep  gas  that  flows  across  the  unexposed  side  of 
the  naterlal.  Throughout  the  pemeatlon  test,  the  pressure  on  the  unexposed 
side  of  the  aaterlal  Is  required  to  be  75  Pascals  (0.3  in.  of  water)  higher 
than  on  the  exposed  side. 

Further,  the  test  procedure  specifies  thet  the  NO2  concentration  on  the 
unexposed  side  of  the  aaterlal  be  aonltored  with  an  Ecolyzer  NO2  detector  (an 
electrochealeal  detector)  until  either  a  sharp  Increase  In  NO2  concentration 
occurs  In  the  sweep  gas  or  2  hr  have  elapsed  since  the  Initiation  of  exposure. 
No  pass  or  fall  criteria  are  defined  In  the  ItfC  T79-80A  test  procedure.  The 
NASA  specification^  for  the  PHE  Indicated  thet  the  results  should  be  evaluated 
according  to  the  requlreaents  of  an  earlier  Military  Specification^  for  ocher 
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chlorobutyl  Mterlcls,  whercla  cccepcabl*  einnilative  NO2  panieaclon  during  the 
first  hour  of  N20^/Nr2  vapor  ezposura  Is  specified  to  be  1.54  x  10~^  NO2 
ca~^.  For  coaparlson  this  would  be  equivalent  to  an  average  of  0.17  ppn  of 
NO2  throughout  the  first  hour,  given  the  2-t/iiln  sweep  air  flow  and  the 
24.b~ca^  area  of  fabric  used  In  our  tests. 

B.  ADDITIONAL  SPECIFICATIOHS  AMD  KEQUIRgMENTS 

In  the  Qualification  and  iHiitary  Specification  Test  protocols,  several 
potentially  significant  paraaeters  were  left  to  the  choice  of  the  experlaenter 
or  the  control  of  aablent  laboratory  conditions.  For  the  conditioning  phase 
of  the  experlaent,  the  uncontrolled  paraaeters  Included  (H)  the  voluae  of  the 
liquid  hypergol  applied  to  the  aaterlal  and  (2)  the  teaperature  of  the  liquid 
hypergol  and  the  fabric.  Since  variations  In  these  paraaeters  could  cause 
scatter  in  the  test  results,  we  designed  a  conditioning  apparatus  that  allowed 
control  and  therefore  specification  of  these  paraaeters. 

In  the  peraeatlon  test  procedure,  the  cxperlaent  la  carried  out  at 
aablent  pressure  [e.g.  101,000  Pascals  (1  ataosphare)  at  sea  level  to  82,160 
Pascals  (0.811  ataosphere)  In  Denver].  Likewise,  the  teaperature  of  the 
apparatus  (this  Includes  the  teaperature  of  the  aaterlal)  was  unspecified. 

The  vapor  pressure  and  consequently  the  vapor  concentration  of  B2O4  depend 
upon  both  aablent  pressure  and  teaperature.  Since  esperlaents^^*^^  have 
deaonstrated  that  the  peraeatlon  rate  of  coapounds  through  fabrics  has  a 
coaplex  dependence  on  the  vepor-phase  concentration  of  the  substance  to  which 
the  fabric  is  exposed.  It  la  apparent  that  the  absolute  pressure,  the  peraea¬ 
tlon  test  teaperature,  and  the  concentration  of  the  gases  and  vapors  should  be 
controlled  and  defined.  Therefore,  we  designed  a  peraeatlon  test  apparatus 
that  allows  control  of  these  iaportant  experlaental  paraaeters. 

In  addition  to  the  undefined  and  uncontrolled  experlaental  paraaeters 
discussed  In  the  above  paragraphs,  we  have  also  addressed  an  earlier  crltlclsa 
regarding  the  conditioning  of  the  aaterlal.  NASA's  Material  Testing  Section 
(NASA-KTS)  has  suggested^  that  there  aay  be  preferential  decay  of  the  aaterlal 
at  the  sealing  edge  during  conditioning  as  a  result  of  Incomplete  rinsing  of 
the  hypergol,  and  that  this  could  result  In  premature  breakthrough  during  the 
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p«nMfttloii  testing.  In  order  to  elimlnete  this  concern,  HASA-MTS  used  Zrytos 
gresse  on  the  Teflon  gasket  aaterlal  In  their  conditioning  cell  and  performed 
a  second  water  rinse  (which  was  not  documented  in  their  report)  after  the 
aaterlal  was  removed  froa  the  conditioning  apparatus. 

In  order  to  avoid  not  only  the  potential  effects  of  the  proposed  prefer-- 
entlal  decay  of  the  fabric  at  the  gasket  seal  but  also  the  introduction  of 
potential  interferences  caused  by  the  use  of  Krytox  grease  and  solvents,  we 
decided  to  condition  a  larger  section  of  the  aaterlal  (8.9  ca  by  8.9  ca)  than 
required  by  the  5.6-*ea  (inner  djaaetsr,  or  i.d.)  peraeatlon  test  cell. 
Therefore,  the  surface  of  the  aaterlal  aarred  by  the  conditioning  cell  is  not 
included  in  the  section  that  is  evaluated  in  the  peraeation  test.  In  addi* 
tion,  as  have  also  included  a  second  water  rinse  after  the  aaterlal  is  removed 
froa  the  conditioning  apparatua,  in  order  to  ensure  that  the  entire  surface  of 
the  aaterlal  is  rinsed. 


III.  tX?ERIMEMTAL 
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A.  APPARATUS 

S«p«rata  axparlacntal  facllltlat  ware  uaad  to  accoapllsh  tha  liquid  N2O4 
conditioning,  tha  liquid  >M1  conditioning,  and  tha  NO2  parnaation  tasting. 
Thasa  apparatus  ara  illustratad  schaisatically  in  Figs.  1,  2,  and  3, 
raspactlaaly,  and  ara  briafly  dascribad  in  tha  following  paragraphs. 

1.  CONDITIONING  APPARATUS 

Tha  liquid  N20^  (Fig.  1)  and  liquid  >S1H  (Fig.  2)  conditioning  apparatus 
wars  cowposad  of  tha  following  coaponents:  tha  h7pargol  rasarvoir,  an  air 
purga  systaa,  a  watar  rinsa  systaa,  a  wasta  rasarvoir,  a  taaparatura  control 
systaa,  and  tha  tast  stand.  A  brlaf  dascrlptlon  of  tha  systaa  la  given  in  tha 
following  paragrap’is,  and  a  aorv  datailad  description  is  included  in 
Appendix  A. 


A  square  section  of  tha  test  Mtarial,  10  ca  by  10  ca,  was  sandwiched  in 
the  conditioning  block  (Fig.  A)  batwaan  tha  stalnlass-stael  baseplate  and  tha 
Teflon  block,  with  the  ’’outside*  of  tha  tast  aatarial  facing  up.  The 
conditioning  block  was  positioned  in  tha  borisontal  position  (S  ■  180*  in 
Figs.  1,  2,  and  A)  prior  to  and  during  tha  hypargol  exposure,  and  was  lowered 
by  aaans  of  a  block  and  tackle  (which,  for  tha  saka  of  clarity.  Is  not  shown 
in  tha  figures)  to  an  inclined  position  (0  ■  115*)  during  tha  water  rinse  and 
the  air  purge.  Tha  chilled  liquid  hypargol  was  introduced  through  a  O.SA-ca 
i.d.  hole  In  the  top  of  tha  Teflon  block  (sea  Fig.  A).  As  illustratad  in 
Figs.  1  and  2,  the  stainless-steal  baseplate  and  tha  Teflon  block  were  cooled 
with  the  ssM  watar  that  was  circulated  through  the  hypargol  reservoir.  The 
water  and  air  purga  ware  accoapllshed  within  tha  conditioning  apparatus  by 
switching  valves  and  lowering  tha  conditioning  block. 


2.  NO2  PERMEATION  APPARATUS 


Tha  IIO2  parnaation  apparatus  (Fig.  3)  is  conposed  of  tha  following 
systens:  the  test  chaabar,  tha  taaparatura  control  systaa,  tha  N20^  vapor 
generator,  the  pressure  aonitoring  and  control  systaa,  tha  wasta  reservoir. 
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Fi;.  2*  Llquld-MMl  Conditioning  Apparatus.  Kanual  valvas  ara 
Idcntifiad  by  "MV*  and  aolanold  valvas  by  “39“ • 
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Fig.  3.  HO)  Vapor  PonMatlon  Apparatua.  Manual  valvas  am  Idantlfiad 
bp  ‘‘MV*  and  aolanoid  valvaa  bp  '*8V*.  Thia  apparatua  allowa 
aaparata  control  of  tha  tanparaturaa  of  tha  paraaatlon  tast 
chanbar  and  tha  H20^  bubblar.  and  f  "la  tha  concantration  of  tha 
"H^O^*  vapor.  Tha  abaoluta  praaaum  in  tha  taat  call  and  tha 
dlzfarantlal  praaaura  acrosa  tha  taat  fabric  ara  alao 
controllad. 
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BOnOM  VIEW  OF  TEFLON  BLOCK 


Fig.  4.  (a)  Botton  View  of  the  Teflon  Conditioning  Block,  and  (b)  Side 

View  of  the  Aaaemblcd  Conditioning  Block. 
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•nd  eoMpressed  air  suppllaa.  A  brief  description  of  the  systea  Is  given  in 
the  following  paragraphs,  and  a  nore  detailed  description  is  included  in 
Appendix  A. 

The  test  cell,  which  was  contained  within  the  test  chaaber.  was  nade  froa 
two  aodifled  glass  Joints.  A  butyl  rubber  0>rlng.was  used  to  fom  an 
air-tight  seal  between  the  unexposed  side  of  the  test  aaterlal  and  the  upper 
half  of  tlM  test  cell.  Direct  contact  with  the  ria  of  the  bottoa  Pyrex  Joint 
was  found  to  provide  an  adequate  seal  with  the  exposed  side  cf  the  fabric. 

The  temperature  of  the  test  cell  was  regulated  by  ssans  of  a  Plexiglas 
housing,  a  fan,  a  radiator,  and  a  circulating  constant-temperature  bath.  The 
temperature  could  be  maintained  to  within  ±0.5  K  of  the  selected  teaperature 
throughout  the  permeation  test. 

Capacitance  aanoneters  were  used  to  monitor  the  absolute  pressure  in  the 
test  cell  and  the  differential  pressure  across  the  material.  The  absolute  and 
dlfferentlnl  pressures  were  adjusted  by  restricting  the  sweep  air  flow  from 
the  top  of  the  test  cell  by  means  of  asnual  valve  MV-15  in  Pig.  3  and  by 
restricting  the  oxiJlxer  flow  from  the  bottom  of  the  test  cell  by  means  of 
manual  valve  MV-16.  A  mechanical  vacuue  pump  was  used  to  sero  the  absolute 
capacitance  manometer  before  each  experiment  and  to  evacuate  the  nanometers 
following  each  experiment. 

A  special  gas  manifold  was  designed  and  constructed  out  of  Teflon  tubing 
(Cole-Pamer)  and  Teflon  solenoid  valves  (Fluorocarbon  Co.)  in  order  to 
establish  the  correct  differential  pressure  prior  to  the  start  of  hypergol 
exposure  and  to  minimize  the  time  required  for  the  initiation  of  the 
exposure.  A  calculated  flow  of  -2. A  moles  of  ‘*ll20^*/mln  was  generated  by 
means  of  a  small  flow  of  air  (i.e.,  5  al/rnln  for  the  293. 2-K  bubbler 
temperature)  through  a  water-jacketed  bubbler  that  contained  liquid  N20^.  The 
flow  is  expressed  in  the  number  of  moles  of  *112^4*'*  *hlch  is  the  number  of 
moles  that  would  exist  if  there  were  no  dissociation  to  NO2.  The  bubbler  was 
maintained  at  a  constant  temperature  by  means  of  s  circulating  water  bath. 

The  oxidizer  vapor  was  vented  through  solenoid  valve  SV-24  prior  to  the  start 
of  the  experiment.  The  differential  pressure  across  the  test  material  was 
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established  by  neans  of  a  77-aI/alii  air  flow  through  manual  valve  MV-IS  and 
solenoid  valve  SV-17  prior  to  the  start  of  exposure.  The  exposure  was 
Initiated  by  simultaneously  shutting  Teflon  solenoid  valves  SV-17  (l.e., 
stopping  the  air  flow  to  the  bottom  of  the  cell)  and  SV-24  (closing  the  vent 
for  the  H20^/N02  vapor)  while  opening  Teflon  solenoid  valve  SV-26.  In  thlo 
way  the  flow  of  N20^/N02  vapor  was  diverted  Into  the  bottom  of  the  test  cell 
so  as  to  contact  the  test  material. 

The  permeation  of  NO2  was  monitored  by  an  Energetics  Science,  Inc.  (ESI) 
7000  series  Ecolyzer,  which  Is  an  electrochemical  detector.  The  Ecolyzer 
sampled  the  2-l/mln  sweep  air  flow  at  a  rate  of  0.71  i/mln  as  Ic  vented 
through  the  sampling  port. 

B.  MATERIALS 

E.I.  du  Pont  de  Memours  and  Co.,  Inc.  (du  Pont)  has  produced  a  variety 
of  chlorobutyl  materials  that  have  been  usvod  In  various  versions  of  self- 
contained  atmospheric  protective  ensembles  (SCAPEs).  The  chlorobutyl  material 
that  was  originally  used  by  Arrowhead  Products  Division  of  Federal  Mogul 
Corporation  in  the  manufacture  of  a  SCAPE  some  20  years  ago  contained  a  fire 
retardant.  Since  the  fire  retardant  was  determined  to  be  a  carcinogen  In 
animal  studies,  du  Pont  has  Investigated  sev'.ral  different  chlorobutyl 
formulations  In  the  Interim. 

A  du  Pont  chlorobutyl  material  (#23219-119-1,  also  designated  as  TX-1002) 
Is  currently  used  by  Arrowhead  In  the  manufacture  of  the  RPHCO.  Material 
23219-119-1  Is  a  blue  and  tan,  two-tone  material.  We  obtained  samples  of  the 
RPHCO  material  from  Arrowhead  Products  Division  of  Federal  Mogul  Corporation, 
Los  Alamltos,  California.  Since  the  material  was  delivered  In  the  form  of 
large  sheets  containing  several  square  feet  of  material,  all  RFHCO  material 
tests  reported  In  this  report  were  carried  out  on  samples  cut  from  one  sheet 
of  prospective  material. 

The  gray  and  tan.  two-tone  du  Pont  chlorobutyl  material  (#23219-93-1) 
proposed  for  use  In  the  PHE  was  obtained  In  two  shipments  from  ILC  Dover, 

Inc.,  Frederica,  Delaware.  In  order  to  determine  If  there  were  significant 
differences  between  the  two  shipments  received  from  ILC  Dover,  the  first 
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■hlpMnt  is  dsslgnstsd  as  PHE  and  was  uscsd  In  tha  praliBinary  splash  tests  and 
In  13  other  tests  that  are  discussed  in  this  report.  Samples  from  the  second 
shlpnent  (identified  as  lot  001.  fabricated  in  the  spring  of  1982)  are 
designated  as  PHE'  in  Table  1.  Since  tha  samples  were  delivered  in  the  form 
of  several  square  sections  measuring  18  cm  on  a  side,  only  one  test  sample 
could  be  cut  from  each  section  of  the  PHE  material. 

The  Qoropel  material  used  in  tha  ILC  Chemturion  (hereafter  CHEM) 
protective  suit  is  a  chlorinated  polyethylene.  He  received  samples  of  this 
blue  material  from  ILC  Dover.  The  Qoropel  material  is  also  used  in  the 
category  VI  SCAPE  at  NASA's  Kennedy  Space  Center  (NASA/KSC)  for  selected 
hydrasine  fueling  operations.  NASA  is  currently  considering  this  ensemble  for 
additional  hypergol  operations.  The  CHEM  samples  were  cut  from  the  same  sheet 
of  Qoropel  material  in  order  to  minimize  s«aple>to-aample  variability. 


C.  CHEMICALS 

Dinltrogen  tetroxlde  (820^)  of  99. SZ  stated  mi-aimum  purity  was  purchased 
from  Mathason  Gas  Products.  It  was  used  without  further .  purification  in  the 
initial  18  tests.  In  order  to  assess  the  effects  due  to  impurities,  it  wss 
purified  t  -7  fractional  distillation  and  the  29A.2-K  fraction  was  used  for 
tests  19  through  2A.  The  purified  oxidizer  was  used  within  a  week  of  its 
distillation  and  was  stored  in  a  dry  air  atmosphere  at  reduced  temperature. 

Methylhydraslne  with  a  stated  purity  of  98Z  was  purchased  in  100-g 
bottles  from  Aldrich  and  was  used  without  further  purification.  In  order  to 
alnimlze  the  potential  for  oxidation,  the  bottles  were  purged  with  dry 
nitrogen  before  being  recapped  and  were  stored  in  a  refrigerator. 

Thu  calibration  gas.  93  parts  per  million  (ppm)  NO2  in  air,  was  supplied 
by  Mathason  Gas  Products,  who  had  verified  its  concentration.  Air  Products 
breathing  air  was  used  as  the  sweep  and  dilution  gas.  It  contains  less  than 
1000  ppm  CO2  and  has  a  dew  point  below  70  K.  Air  Products  extra-dry  nitrogen 
was  used  to  purge  the  monomethylhydraxine  bottles  before  they  were  recapped. 
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Table  1.  Nitrogen  Dioxide  PerBeaClon  Teat  Results 
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Th«  daionlzcd  water  was  produced  with  a  Millipore  Hllll-Q  Water 
Purification  Systea  that  consisted  of  four  In-line  cartridges  (prefllter, 
super-C  carboot  end  two-lon  exchange)  followed  by  a  twin  90  filter.  The 
resistivity  was  always  above  16  MQ. 

D.  CALIBRATION 

The  ESI  7000  series  Bcolyser  NO2  detector  was  calibrated  on  a  dally  basis 
by  aeans  of  Hatheson-eertlfled  93-ppa  NO2  in  air,  a  slaple  dilution  apparatus, 
and  calibrated  rotameters.  The  span  of  the  Ecolyzer  was  typlcilly  adjusted  to 
have  twice  the  sensitivity  Intended  by  the  manufacturer  when  It  was  challenged 
vith  a  3.0-ppm  concentration  of  NO2  In  air.  The  rotameters  and  mass  flow 
meters  were  calibrated  by  means  of  a  wet-test  meter  or  the  bubble  displacement 
method,  depending  upon  the  flow  rate.  The  calibration  of  the  capacitance 
manometers  was  verified  by  the  Aerospace  Instrument  center. 

E.  TEST  PROCEDDRE 

Our  experiments  can  be  considered  extensions  of  the  Martin  Marietta 
Corporation  test  procedure  mmC  T79-60A.  Our  test  procedure  consists  of  the 
following  two  stages}  (1)  one  side  of  the  material  sample  Is  "conditioned”  by 
a  series  of  alternating,  l-«ln  exposures  to  50  ml  of  liquid  M2O4  and  50  ml  of 
liquid  monomathylhydraslne  (MMH)  that  are  separat  <d  by  water  rinses  and  air 
drying;  and  (2)  the  material. ’s  resistance  to  pemeatlon  by  NO2  Is  then  deter¬ 
mined  by  means  of  a  second  test  apparatus  that  allows  24.6  cit^  of  the  condi¬ 
tioned  side  of  the  test  material  to  be  exposed  te  N20^/N02  vapor  while  the 
concentration  of  NO2  In  a  2-£/'aln  flow  of  sweep  air  Is  monitored  on  the  other 
side  of  the  msterlsl.  Two  characteristic  tiwes  were  recorded  for  each  test. 
The  breakthrough  time  (t  ■  0.09)  was  defined  as  the  time  elapsed  between  the 
Initiation  of  exposure  to  concentrated  N20^/N02  vapor  and  the  attainment  of 
0.09  ppm  of  NO2  in  the  sweep  air.  The  second  characteristic  tlms  (t  »  3.0) 
was  the  time  elapsed  between  the  Initiation  of  exposure  to  concentrated 
N2O4/NO2  vapor  and  the  attainment  of  3.0  ppm  of  NO2  in  the  sweep  air.  Since 
the  experimental  parameters  and  conditions  were  carefully  controlled,  the 
breskthrough  times  were  used  to  rank  the  p«t<^eation  resistance  of  different 
materials. 
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We  found  that  a  atep-by-atep,  check-1 t-off-aa-you-go  procedure  was 
required  In  order  to  enaure  that  the  experimental  apparatus  and  procedures 
were  reproducible*  Once  the  detailed  test  procedure  was  established.  It  was 
then  possible  to  evaluate  the  effects  of  the  various  Individual  experimental 
parameters  on  the  NO2  breakthrough  times  for  the  PHE  coverall  material  without 
excessive  scatter  caused  by  procedural  Inconsistencies.  The  detailed  test 
procedure  la  available  upon  request,  and  Is  briefly  summarized  In  Appendix  B. 


IV.  RESULTS  AND  DISCUSSION 


Th«  results  of  the  NO2  peraeatloo  testiog  of  the  three  coverall  naterials 
are  listed  la  Table  1  in  the  chronological  order  In  Hhlch  the  tests  were  per- 
foraed*  The  experlaent  nuaber.  the  type  of  eaterlal,  and  the  thickness  of  the 
aaterlal  In  allllaaters  (an)  are  Indicated  la  eoluans  1(2.  and  3,  respec¬ 
tively.  The  following  abbreviations  wera  used  for  the  aatarlals:  PHE  and  PET* 
for  the  first  aivd  second  ahlpaents  of  the  Ptopellaat  Handler's  Enseable  that 
were  received  frcei  ILC  Dover,  EFHCO  for  the  Rocket  Fuel  Handler's  Clothing 
Outfit,  and  CHEM  for  the  Cheaturlon  Cloropel  aaterlal.  These  aatarlals  were 
previously  described  In.  the  experlsK  ..*'al  section  of  this  report. 

In  our  discussions  and  In  colusn  4  of  Table  1,  we  define  a  cycle  of 
conditioning  (abbreviated  as  ’’Cond.,  cycles*)  as  an  exposure  to  liquid 
OKldlser  (l.e.,  dlnltrogen  tetrcnlde  (N2()4)l  on  one  day,  followed  by  an 
exposure  to  liquid  fuel  {l.e.,  nonoaethylhydraslne  (MW)]  on  the  next  day  (the 
exposures  being  separated  by  water  rinses  sad  air  drying).  Therefore,  sero 
cycles  of  conditioning  would  Indicate  that  the  aaterlal  was  tested  after  an 
Initial  water  rinse  and  air  drying.  On  the  ocher  hand,  one  or  two  cycles  of 
conditioning  would  Indicate  that  the  fabric  had  been  subjected  to  two  days  or 
four  da>s,  respectively,  of  conditioning  with  alternating  exposures  to  liquid 
oxldlser  and  liquid  fuel. 

Several  teaperaturea  are  also  Indicates  In  Table  1.  The  coL'w'ltlonlng 
teaperature  (abbreviated  as  in  coluan  5)  Is  the  teaperature  of  the 

liquid  hypergol,  of  the  conditioning  block,  and  of  the  aaterlal  saaple  during 
the  conditioning  exposures.  The  teaperature  of  the  bubbler  that  contains 
liquid  N20^  and  that  detemlnes  the  "H20^"  equivalent  vapcr  concentration  la 
listed  In  coluan  6  as  He  define  c  «  '^2^4'*  *1^1  valent  vapor  concen¬ 

tration  as  the  concentration  of  N20^  that  would  exist  If  there  sera  no 
dissociation  to  N02*  The  teaperature  of  the  perceatlon  test  cell  (l.e.,  the 
teaperature  of  the  N20^/N02/*l>^  alxture  in  the  pemseatlon  test  cell  and  of  the 
test  saaple)  Is  listed  In  coluan  13  as  "Tcell”* 


Ths  purity  of  the  liquid  N20^^  that  me  used  as  the  source  of  N20^/N02 
vapor  Is  Indicated  In  coluan  7.  TT'^  partial  pressure  (In  ataospheres)  of  the 
NO2  and  the  ^20^  vapors  In  the  peraeatlon  test  cell  are  abbreviated  as 
and  P{)204  colunns  10  and  11,  respectively,  In  Table  1.  These  partial 
pressures  uere  calculated  as  a  function  of  the  teaperature  of  the  bubbler,  the 
total  pressure  In  the  test  cell,  and  the  tsaperature  of  the  peraeatlon  test 
cell*  We  aelntalned  a  total  pressure  of  770  aa  Qg  (l*e*,  102,600  Pa  or  1*013 
ataospheres)  In  the  test  cell  In  all  of  our  ezperlaents* 

In  these  calculations  It  was  assuaed  that  the  equlllbrlua  vapor  pressure 
of  N20^/N02  was  attained  In  the  saall  flow  of  purge  air  that  passed  through 
the  liquid  ^20^  at  the  bubbler  teaperature*  The  partial  pressures  of  the  NO2 
and  N20^  In  the  test  cell  were  a  function  of  both  the  total  '‘N20^‘’  equivalent 
concentration  In  the  test  cell  (as  determined  by  the  teaperatute  of  the 
bubbler)  and  the  teaperature  of  the  test  cell.  These  calculations  took  Into 
account  the  equlllbrlua *s  dependence  upon  both  teaperature  and  the  total 
'’^2^4"  concentration* 

It  should  be  noced  that  the  actual  vapor  pressure  would  be  equal  to  or 
less  than  the  concentration  calculated  In  this  manner,  depending  upon  the 
purity  of  the  liquid  N20^  In  the  bubbler  and  the  extent  of  equlllbrlua*  As 
discussed  In  Sections  IV .2  and  IV*6,  below,  It  appears  that  99.SZ  liquid  H2O4 
Is  of  adequate  purity  for  the  purposes  of  these  studies*  As  will  be  discussed 
In  Section  IV*T,  It  appears  that  the  equlllbrlua  assumption  Is  also  valid  for 
our  bubbler  design  and  purge-^lr  flow  rotes* 

The  calculated  aolar  ''M20^'*  equivalent  flow  (abbreviated  as  '’N20^''  Flow) 
of  the  resulting  N20^/N02/alr  alxture  Is  listed  In  aoles  '*N20^’‘/aln  in  coluan 
9  of  Table  1*  We  use  aoles  of  ’*^20^”  to  indicate  the  nuaber  of  aoles  of  N20^ 
that  tnuld  exist  If’  there  were  no  dissociation  to  NO2*  The  aolar  '*N20^*' 
equivalent  flow  was  calculated  froa  the  vapor  pressure  of  N20^  at  the  bubbler 
teaperature  and  the  purge-alr  flow  through  the  bubbler*  As  long  as  the  total 
pressure  In  the  test  cell  reaalns  above  the  vapor  pressure  of  the  oxidizer  at 
the  bubbler  and  test  cell  teaperatures ,  the  aolar  flow  Is  Independent  of  both 
the  total  pressure  and  the  test  cell  teaperature* 


Thtt  dlff«r«nelal  prc«sur«  (abbreviated  aa  In  eoluan  12)  acroaa 

tha  naterlal  during  the  pemeation  teat  nay  be  converted  to  ita  equivalent 
preaaure  in  inchea  of  water  by  dividing  by  250*  A  poaitlve  differencial 
presaure  waa  defined  aa  a  higher  pressure  on  the  unexposed  side  of  the 
■aterlal. 

In  all  of  our  experlawnta  che  abaolute  presaure  on  the  unexposed  side  of 
the  natarial  waa  naintaioad  at  770  wm  %  (i*e.,  102,600  Pa  or  1*013 
ataospheres)  during  the  perweation  teata* 

The  pemeation  results  are  suaaarised  in  Table  1  aa  the  tine  (t  *  0.09  in 
;:oluan  14)  required  to  attain  an  NO2  concentration  of  0.09  ppm  and  the  time 
(t  ■  3*0  in  column  IS)  required  to  attain  an  IIO2  concentration  of  3.0  ppm  in 
the  2'-t/nin  flow  of  sweep  air  after  the  initiation  of  exposure  to  the  M2O4/NO2 
vapor*  the  first  tine  (t  •  0.09)  will  be  called  '‘breakthrough  tiaa*  and 
serves  aa  a  useful  indicator  of  the  relatlM  permeation  resistance  of  the  var¬ 
ious  materials  under  the  seme  teat  conditions,  or  of  the  relative  protection 
provided  by  a  given  material  under  various  eonditlonlqg  and  test  conditions. 

A.  PRECISIOH  OP  DETERMI^fATIONS 

Since  ws  obtained  two  shipments  of  Propellant  Handler's  Ensemble  coverall 
material,  we  could  not  be  certain  that  tbay  were  cut  from  the  same  lots  of 
material.  Thai  afore,  we  have  given  ther*  different  designations  in  Table  1* 
Within  the  scatter  of  our  determinations,  there  is  no  discernible  difference 
in  the  pemeation  resistance  of  the  two  shipments  of  Propellant  Handler's 
Ensemble  coverall  material  and,  therefore,  we  have  not  differentiated  between 
the  two  shipments  in  any  of  the  figures. 

If  ws  assume  that  the  two  shipments  of  naterlal  were  cut  from  the  same 
lot,  then  the  scatter  in  our  determinations  represents  the  combined  uncer¬ 
tainty  that  is  due  to  small  fluctuations  in  experimental  parameters  and 
seaq>le-to-saaple  variability  in  the  PHE  (and  PHB*)  coverall  materials.  The 
scatter  in  our  data  indicates  that  tha  average  breakthrough  time  determined 
with  even  a  very  elaborate  pemeation  test  apparatus  will  have  a  relative 
standard  deviation  of  10  to  20Z. 
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B.  EmCT  OF  CONDITIONING 

In  order  to  llluatraCe  the  effect  of  conditioning  on  the  three  coverall 
materials,  the  breakthrough  times  (t  -  0.09  in  Table  1)  for  the  various 
materials  sre  plotted  as  a  function  of  the  number  of  conditioning  cycles  in 
Fig.  5.  The  RFROO  data  (experiments  8,  12,  and  22)  are  plotted  as  circles, 
the  CHEM  data  (experiments  14  and  23)  are  plotted  as  squares,  and  selected  PEE 
(and  PHE')  data  (experiments  1  through  S,  7,  10,  16,  19,  and  20)  are  plotted 
as  diamonds.  In  these  experiments,  all  other  experimental  parameters  were 
identical  except  for  the  number  of  cycles  of  conditioning.  In  Fig.  5,  we  have 
Included  lines  between  the  RFHCO  data  points  as  well  as  between  the  CHEM  data 
points.  The  line  that  is  drawn  between  the  combined  PHE  and  PHE*  data  points 
represents  the  least-squares  linear  regression  fit  to  those  data. 

As  Illustrated  in  Fig.  5,  the  breakthrough  times  (i.e.,  the  permeation 
resistance)  for  the  RFHCO  and  both  shipaenta  of  the  Propellant  Handler's 
Ensemble  (PHE  and  PHE')  decreased  following  initial  exposure  (i.e.,  condition¬ 
ing)  to  the  liquid  hypergols.  It  should  be  noted  that  these  eUlorobutyl 
materials  were  tacky  immediately  after  exposure  but  did  not  remain  tacky  when 
they  dried.  The  surface  of  the  chlorobutyl  materials  became  roughened,  and 
their  thickness  increased  (typically  reaching  0.6  to  0.7  mm  after  several 
exposures)  during  the  conditioning.  However,  the  chlorobutyl  materials  did 
remain  pliable  throughout  the  conditioning. 

As  indicated  in  Fig.  5,  the  two  data  points  for  the  CHEM  coverall  mate¬ 
rial  (Cloropel)  suggest  that,  in  contrast  to  the  results  fr^r  the  chlorobutyl 
materials,  Cloropel 's  permeation  resistance  may  increase  slightly  following 
initial  exposure  (i.e.,  conditioning)  to  the  liquid  hypergols.  This  trend  is 
of  limited  interest,  since  the  Cloropel  is  severely  attacked  by  the  liquid 
hypergol  and  is  discolored,  curls,  and  becomes  stiff  after  drying.  The 
physical  deformation  of  the  material,  which  accompanies  the  apparent  increase 
in  permeation  resistance,  wade  it  difficult  to  install  it  into  the  MMH  condi¬ 
tioning  apparatus  after  its  first  exposure  to  liquid  M20^,  and  precluded  the 
completion  of  two  cycles  of  conditioning.  It  is  unlikely  that  such  badly 
distorted  and  discolored  Cloropel  would  be  reused  after  being  exposed  to 
liquid  hypergol  or  its  concentrated  vapors. 
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NUMBER  OF  CONDITIONING  CYCLES 


Caap«ri«on  of  Coverall  Hateriala.  Ths  NO2  breakthrough  times 
for  tha  CHEM  (o),  RFHCO  (o) ,  and  both  batches  of  the  Propellant 
Handler's  Ensemble  (O)  are  plotted  against  the  number  of  cycles 
of  preconditioning.  . 
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It  should  b«  noted  that  the  effect  of  conditioning  is  not  very  great 
under  these  test  conditions,  and  nay  depend  on  the  conditioning  and  perroeation 
test  conditions  as  well  aa  on  the  age  of  the  test  aaterial.  This  is  discussed 
in  wore  detail  in  Section  IV. L« 

C.  RELATIVE  RANKING  OP  THE  THREE  MATERIALS 

The  data  in  Vlg.  5  indicate  a  relative  ranking  of  the  three  coverall 
■aterlals  under  one  set  of  experiaental  conditions,  so  that  RFHCO  >  PHE  >  CHEM 
in  order  of  their  decreasing  resistance  to  peraeation  by  NO2.  The  average 
relative  ranking  was  not  significantly  affected  by  the  number  of  conditioning 
cycles  that  were  investigated  for  these  experimental  conditions. 

The  Martin  Marietta  Corporation  (MMC)  carried  out  permeation  tests  on 
both  the  PHE  and  RFHCO  coverall  materials.^*^^  They  reported  that  conditioned 
PHE  material  was  permeated  by  NO2  in  less  than  45  min  in  three  out  of  four 
tests,  while  conditioned  RFHCC  material  reoisted  permeation  for  more  than 
60  min  in  four  similar  tests.  Aa  discussed  in  an  earlier  section  of  this 
paper,  the  MMC  test  procedure  lacked  control  of  key  experimental  parameters, 
and  therefore  a  quantitative  comparison  of  their  results  with  ours  is  not 
warranted. 

Likewise,  the  sane  relative  ranking  of  the  NO2  permeation  resistance  was 
obtained  for  unconditioned  RFHCO,  PHE,  and  CHEM  coverall  materials  by  means  of 
our  preliminary  splash  test  procedure. These  preliminary  tests  employed 
a  25~nl  splash  with  liquid  N20^,  followed  by  exposure  to  saturated  oxldixer 
vapor.  The  temperature,  the  absolute  pressure,  and  therefore  the  oxidizer 
vapor  pressure  were  determined  by  ambient  conditions.  Consequently,  because 
of  the  procedural  differences,  the  smaller  exposed  area  (8  cm^)  of  the 
material,  and  the  uncontrolled  experimental  parameters,  the  absolute  values  of 
these  breakthrough  times  cannot  be  compared  to  our  results  obtained  with  the 
new  test  procedure. 

Aa  discussed  above,  the  three  sets  of  tests  carried  out  under  a  variety 
of  experimental  conditions  indicate  that  the  NO2  permeation  resistance  of  the 
PHE  material  is  Inferior  to  that  of  the  RFHCO  material.  In  addition,  data 
obtained  through  two  different  experimental  procedures  indicate  that  the 
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resiatanc*  of  tha  PRB  aatarlal  to  NO2  patMatioa  la  auparlor  to  that  of  the 
CHEM  aaterlal.  Aa  diacuaaad  In  Section  IV. L»  the  relative  ranking  nay  depend 
on  the  conditioning  and  pemeatlon  teat  condltlona  aa  well  aa  on  the  age  of 
the  teat  aaaple. 

D.  imCT  OP  COWDITIONIMG  TEMPERATUM 

The  effect  of  the  conditioning  teeperature*  which  Ineludea  the 
teaperature  of  the  liquid  hypergol,  the  conditioning  block,  and  the  teat 
oaterlal,  on  the  breakthrough  tinea  for  the  PHE  (and  PRE')  coverall  aaterlal 
waa  Inveatlgated  In  experlnenta  19,  20,  21,  and  24  (plotted  aa  dlanonda  In 
Pig.  6).  In  theae  experlnenta  the  aanplea  of  the  coverall  naterlal  were 
aubjected  to  2  cyclea  of  conditioning.  Dlatllled  H2^4  *** 

conditioning  oxldlaer  expoaurea  aa  well  aa  la  the  pemeatlon  teat  bubbler.  Aa 
aeen  In  Pig.  4,  the  breakthrough  tinea  for  the  PHE  (and  PHE')  coverall 
naterlal  were  not  atrougly  dependent  upon  the  conditioning  teaperature  over 
the  range  Inveatlgated.  The  tenperature  range  waa  detemlned  by  the  cooling 
capacity  of  the  circulating  conataat*>tenperature  bath  on  the  low  end,  and  by 
the  nomal  boiling  point  (294  K)  of  112^4 

If  the  above  data  polnta  are  treated  aa  one  data  aet,  they  have  a  naan 
value  of  94  win  with  a  atandard  deviation  of  21  ala  (or  a  22Z  relative 
deviation).  Therefore,  if  the  1102  breakthrough  tine  for  the  PHE*  aaterlal 
doea  depend  upon  the  conditioning  tenperature  over  the  range  Inveatlgated,  It 
la  a  weak  dependence  that  would  require  nany  aore  experlnenta  to  conflra. 

B.  EPPECT  OP  IMPf^RlTlES  IM  THE  OXIDIZER 

In  order  to  evaluate  the  potential  effect  of  the  lapurltlea  preaent  In 
the  99. 5X  liquid  N2^4  pu<fchaaed  froa  Matheaon,  tha  reaulta  of  three  additional 
PHE  taata  were  alao  plotted  In  Pig.  6.  In  experlnenta  3,  4,  and  7  (plotted  .la 
clrclea  In  Pig.  6),  the  oxldlaer  uaed  In  the  conditioning  aa  well  aa  In  the 
pemeatlon  teatlng  waa  taken  directly  fron  the  Matheaon  cylinder  (99. 5Z  liquid 
1*2^4) »  whereaa  In  experlnenta  19,  20,  21,  and  24  (plotted  aa  dlanonda),  the 
294. T-K  fraction  of  the  dlatllled  oxldlaer  waa  uaed  In  both  the  conditioning 
and  In  the  pemeatlon  teat. 
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Fig.  6.  Conditioned  FEE,  Showing  the  Effect  of  Conditioning  Temperature 
and  Purity  of  the  Liquid  N^O^.  The  NO2  breakthrough  timea 
obtained  uaing  distilled  (O)  and  99. 5Z  (O)  liquid  oxidizer  are 
plotted  against  the  conditioning  temperature. 


Am  Illustrated  In  Fig.  6,  the  breakthrough  tines  for  the  PHE  which  were 
obtained  with  the  99.5Z  oxidizer  (as  received  iron  Matheson)  fell  In'-between 
the  breakthrough  tines  obtained  with  the  further-distilled  oxidizer.  We 
Interpret  this  to  nean  that  any  effect  due  to  Inpurltles  In  the  nllltary 
specification  (99. 5Z)  oxldlser  la  snaller  than  the  sanple-to-sanple  variabil¬ 
ity  of  the  FHB  and  FHE*  naterlals.  We  also  Interpret  this  to  nean  that  It  was 
reasonable  to  use  the  vapor  pressure  of  neat  II2O4  liquid  In  the  calculation  of 
the  partial  pressure  of  IIO2  (eolunn  10  In  Table  1),  the  partial  pressure  of 
N20^  (eolunn  11  In  Table  1),  and  the  nolar  '‘W20^’*  equivalent  flow  (eolunn  9  In 
Table  1)  for  the  purities  used  In  these  experlnents. 

F.  SELECTIVITY  OF  THE  DETECTOR 

Inpurltles  In  the  oxldlser  or  by-products  of  the  reaction  of  oxidizer 
with  the  naterlal  can  produce  either  positive  or  negative  Interference  with 
the  detection  systen.  We  had  observed  such  effects  In  our  earlier  studies  of 
If02  pemeatlon  of  protective  naterlals. In  those  studies  SO2  and  N2O  were 
produced  by  the  reaction  of  IIO2  with  several  natural-rubber  naterlals.  By 
causing  a  negative  response,  the  SO2  Interfered  with  the  detection  of  NO2  by 
the  7000  series  Eeolyzer. 

Since  It  is  unlikely  that  an  Interference  would  produce  a  response  that 
would  exactly  cancel  the  response  due  to  t)02»  the  breakthrough  tines  reported 
here  Indicate  that  either  IIO2  or  a  positive  Interference  pemeated  the 
naterlal  at  the  recorded  tines.  Since  any  Interference  with  the  nethod  of 
detection  can  result  In  an  error  In  detemlnlng  the  breakthrough  tine,  the 
selectivity  of  the  detector  Is  a  critical  factor. 

A  universal  selective  detector  that  allows  Identification  of  pemeants  as 
a  function  of  tine  would  provide  for  the  detection  of  reaction  by-products 
produced  during  the  reaction  of  the  hypergol  with  the  naterlal.  Since  these 
by-products  could  bs  as  toxic  or  wore  toxic  than  the  hypergols  thenselves, 
this  would  be  an  inportanr  capability  that  Is  not  currently  provided  by  the 
electrochenlcal  and  cqlorlaatrlc  nethods.  A  nass  spectronetric  detection 
systen  would  provide  such  capabilities  and  could  be  applied  to  a  variety  of 
chcnlcals. 
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G.  EFFECT  OP  THE  BUBBLER  TgMPERATDRg 

The  effect  of  the  temperature  of  the  bubbler  that  contains  the  liquid 
N20^  upon  the  NO2  breakthrough  times  for  the  PHE  materials  was  Investigated  In 
experiments  5,  10 ,  16.  18,  23.  and  26  for  calculated  '‘N20^"-equlvalent  flows 
of  ~2*4  moles  of  '*N20^**/mln  (see  Table  1.  column  9.  for  the  calculated 
flows).  The  data  are  plotted  In  Fig.  7  as  diamonds.  As  mentioned  previously, 
the  moles  of  ’*^20^**  equivalent  are  the  number  of  moles  of  N2O4  would  be 
present  If  there  were  no  dissociation  Into  NO2.  As  Is  apparent  from  Fig.  7, 
the  breakthrough  times  of  the  PHE  coverall  materials  are  extremely  sensitive 
to  the  temperature  of  the  bubbler.  This  Is  because  changes  In  the  temperature 
of  the  liquid  oxldlaer  create  changes  In  the  partial  pressures  of  the  nitrogen 
oxides  In  the  vapor  phase. 

In  order  to  Illustrate  the  effect  of  the  bubbler  temperature  on  both  the 
N20^  pressure  and  consequently  on  the  breakthrough  times,  the  above 
breakthrough  times  are  plotted  In  Fig.  8  against  the  partial  pressure  of  the 
^2^4  (Pj}20^)  which  Is  calculated  from  the  bubbler  temperature  and  the 
permeation  call  temperature.  It  Is  apparent  after  examination  of  Fig.  8  that 
the  breakthrough  times  decrssse  rapidly  for  small  Increases  In  the  partial 
pressure  of  N20^.  It  should  be  noted  that  the  partial  pressure  of  MO2  (F)}02^ 
also  Increased  when  the  temperature  of  the  bubbler  was  Increased.  Since  the 
ratio  of  Pn20^^^N02  Increases  with  Increasing  bubbler  temperature  (for  a 

constant  permeation  test-cell  temperature),  the  major  effect  of  the  bubbler 
temperature  Is  on  P^)  q  . 

The  curves  In  Figs.  7  and  8  represent  second-order  polynomial  least- 
squares  fits  to  the  data.  Since  the  bubbler  temperature  (and  hence  the 
partial  pressures  of  r02  and  N20^)  was  the  only  experimental  variable  In  the 
above  experiments.  It  Is  apparent  ttiat  the  N20^  concentration  Is  an  Important 

experimental  parameter. 

Since  the  partial  pressure  of  the  nitrogen  oxides  which  Is  actually 
achieved  In  the  test  cell  depends  upon  the  purity  of  the  N20^  used  In  the 
bubbler  and  the  residence  time  (l.a.,  the  degree  of  equilibrium  between  liquid 
and  vapor)  of  the  purge  air  In  the  bubbler,  the  calculated  values  of  and 
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Fig.  7*  Unconditioned  FUE,  Shoving  the  Effect  of  the  Teaperature  of  the 
Bubbler  and  the  Molar  Plov  of  "^20^"  Molea  of  '*N20^** 

Equlvalent/Mln.  The  MO2  breakthrough  tloee  for  oxldlaer  vapor 
flows  of  'K)«S  awles  *’N20^*’/aln  (o)  and  HZ»4  aolea  '*N204*'‘/mln 
(O)  are  plotted  against  ths  tenperature  of  the  bubbler. 
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Unconditioned  PHE,  Shotring  the  Effect  of  the  Partial  Preaaure 
of  N20^  "1*20^“  ^^N20^^  Molea 

of  "N20^“  Equlvalent/Min.  The  NO2  breakthrough  tlaaa  for 
oxidizer  flova  of  'O.S  aolea  *‘N20^"/aln  (o)  and  >^.4  moles 
"MlO^'/mln  (O)  are  plotted  against  the  partial  pressure  of  N2O4 
(as  calculated  from  the  temperature  of  the  bubbler  and  the 
temperature  of  the  test  cell). 
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^^2^4  11  In  Table  1)  represent  an  upper  Halt  to  the  actual 

partial  pressures*  Since  there  was  no  significant  effect  of  Impurities  In  the 
99 .SZ  liquid  oxidizer  (see  Section  IV. E)  upon  the  breakthrough  times,  we 
believe  that  we  are  Justified  In  using  the  vapor  pressure  of  neat  ^20^  In  our 
calculation  of  the  partial  pressures  of  the  oxidizer  vapors  generated  by  the 
bubbler.  However,  the  data  that  evaluated  the  effects  of  Impurities  In  the 
99 .SZ  liquid  oxidizer  cannot  be  used  to  evaluate  the  degree  of  equilibrium 
that  was  obtained  in  those  experiments. 

One  would  expect  that  the  degree  of  equilibrium  would  be  determined  by 
the  bubbler  design,  the  bubbler  temperature,  and  purge  air  flow.  He  have 
qualitatively  evaluated  the  degree  of  equilibrium  for  our  bubbler  In  the 
follotrlng  section  by  Investigating  the  effect  of  purge  air  flow  for  two 
bubbler  temperatures. 

H.  EFFECT  OF  THE  WLOW  OF  OXIDIZER  VAPOR 

The  effect  of  the  flow  of  the  oxidizer  vapor  on  the  breakthrough  times 
for  the  PHE*  material  was  Investigated  In  experlMnts  17  and  27.  In  these 
experiments,  the  oxidizer  flow  was  reduced  from  the  calculated  ’>2.4  moles  of 
*I(20^*/aln  used  In  experiments  S,  10,  16,  18,  2S»  and  26  (£Im  diamonds  In 
Figs.  /  snd  8)  to  s  calculsted  ’>0.55  moles  of  ''H204'*/nin  (plotted  ss  circles 
In  Figs.  7  snd  8)  by  reducing  the  purge  sir  flow.  There  Is  no  appsrent  effect 
of  oxidizer  flow  on  the  breakthrough  times  for  the  PRE*  material  in  Figs.  7  or 
8;  therefore,  the  breakthrough  times  appear  to  bo  Independent  of  the  flow  of 
the  oxidizer  vapor  over  the  range  Investigated. 

If  the  ^20^  liquid  In  the  bubbler  was  not  in  equilibrium  with  the  purge 
air  flow  through  Che  bubbler,  one  would  expect  a  'change  In  purge  air  flow  to 
affect  the  degree  of  equilibrium  by  changing  the  residence  c!me  of  the  air  in 
the  liquid  oxidizer.  This  would  affect  an  important  experlmentv^l  parameter 
(l.e.,  the  oxidizer  concentration)  and,  therefore,  the  breakthrough  times  for 
a  nonequilibrium  situation.  Since  there  was  no  apparent  effect  of  the  factor- 
of-4  change  In  air  purge  rate,  it  appears  that  the  equilibrium  assumption  Is 
valid  for  the  sir  purge  rates  investlgsted  and  for  the  bubbler  used  In  these 
studies. 
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In  addition  to  evaluating  the  degree  of  equilibrium,  this  set  of 
experiments  also  evaluated  the  importance  of  the  total  mass  flow  of  ^20^  vapor 
through  the  permeation  cell.  If  the  permeation  rate  was  limited  by  thv*  rate 
of  diffusion  of  oxidizer  to  the  surface  of  the  fabric  or  by  losses  of  oxidizer 
on  the  surfaces  of  the  test  apparatus,  then  it  would  have  shown  a  dependence 
upon  the  change  in  oxldlzer/alr  mixture  flow.  At  the  high  concentrations  of 
oxidizer  used  in  these  experiments,  it  is  unlikely  that  either  of  these  cases 
would  apply.  It  is  also  unlikely  that  the  affects  of  the  change  in  purge  air 
flow  upon  the  degree  of  equilibrium,  upon  the  diffusion  rate,  and  upon  the 
oxidizer  losses  would  have  been  able  to  cancel  exactly  if  any  of  these 
parameters  were  important  for  the  given  test  conditions. 

Therefore,  we  conclude  that  the  oxidizer  is  at  equilibrium  at  the  purge 
air  flows  that  we  used,  and  that  there  is  sufficient  mass  flow  of  oxidizer 
vapor  to  compensate  for  losses  due  to  permeation  through  the  material  and 
adsorption  on  the  surfaces  of  the  test  apparatus. 

I*  EFFECT  OP  PERMEATION  TEST  CHAMBER  TEMPERATURE 

The  effect  of  the  permeation  test  chamber  temperature  upon  the 
breakthrough  time  of  the  PHE  material  is  illustrated  in  fig.  9,  where  the 
results  of  experiments  5,  6,  10,  11,  15,  and  16  are  plotted  as  diamonds. 

These  experiments  were  carried  out  on  unconditioned  samples  of  the  PHE 
material  under  the  same  experimental  conditions,  except  for  the  temperature  of 
the  permeation  test  chamber.  The  curve  in  Fig.  9  represents  a  second-order 
polynomial  least-squares  fit  to  the  experimental  data  (using  a  value  of  464 
min  for  the  308. 2-K  experiment). 

Upon  examination  of  Fig.  9,  it  is  apparent  that  the  WO.^  permeation 
occurs  much  more  rapidly  at  the  lower  temperatures  than  at  the  higher 
temperatures.  In  fact,  NO2  breakthrough  did  not  occur  during  the  464  min  of 
the  308. 2-R  experiment  (experiment  6),  which  was  stopped  because  the  bubbler's 
oxidizer  was  nearly  exhausted.  The  lowest  permeation  test  cell  temperature 
that  could  be  investigated  under  the  specified  test  conditions  was  294.2  R, 
which  is  1  R  warmer  than  the  temperature  of  the  bubbler  that  was  used  in  all 
of  the  experiments  Included  in  Fig.  9. 
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Fig.  9.  Unconditioned  FHE,  Shoving  the  Effect  of  the  Feraeatlon  Test 
Chsnber  Tenperature  and  the  Differential  Presaure  across  the 
Test  Fabric.  The  NOj  breakthrough  tines  for  75  Pa  (O),  -250  Pa 
(O),  and  250  Pa  (v)  differential  pressures  are  plotted  against 
the  pemeatlon  test  ehanber  tenperature.  The  highest 
temper aturn  date  point  represents  e  nlnlntn  value,  since  no 
breakthrough  occurred  during  the  464  nin  of  the  nonltorlng. 
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If  «•  MstMM,  for  the  eeke  of  Uluetratlon,  that  tLe  inveree  of  the 
breakthrough  tl'i^j  roughly  proportional  to  the  rate  of  breakthrough, 

a 

then  a  plot  of  the  Ind/t^)  veraua  I/T^2.1  *ould  have  a  alope  equal  to  the 
activation  energy  divided  by  the  gaa  constant  R  (1.987  calories  aole'^) 
for  u  Arrhenlus-typc  reaction.  As  seen  in  Fig.  10,  «e  obtained  a  positive 
slope  of  13000,  which  %iould  correspond  to  an  activation  energy  of  -26 
kcal/aole.  Therefore,  the  breakthrough  tlaes  for  the  FHE  coverall  aaterlal 
exhibit  anti- Arrhenius  behavior.  This  Is  consistent  with  a  aechanlsa  for 
breakthrough  which  Is  Halted  by  exothermic  steps,  ^.g.  assoclatloa, 
condensation,  and,  potentially,  the  mixing  of  N20^  with  the  chlorcbutyl 
aaterlal.  Thus  the  observed  temperature  dependence  could  be  a  result  of  any 
one  or  a  combination  of  all  of  the  above  processes. 

In  order  to  Investigate  the  potential  Importance  of  the  temperature 
dependence  of  assoclatloiu  of  NO2  to  N20^  upon  the  observed  effect  of  the 
permeation  test  cell  temperature,  the  same  data  discussed  above  for  Figs.  9 
and  10  were  Included  in  Fig.  11,  where  the  breakthrough  time  was  plotted 
against  the  ratio  of  Pii20^^^N02*  appears  that  the  breakthrough  time 
decreases  as  the  ratio  PN2O4/PHO2  increases.  Therefore,  the  association  of 
NO2  luto  N2O4  has  a  temperature  dependence  similar  to  that  observed  for  the 
breakthrough  times. 


If  the  observed  dependence  of  the  breakthrough  times  upoj  permeation  test 
cell  temperature  Is  mainly  a  result  of  the  temperature  dependence  of  the 
dlnitrogcn  tetroxlde/nltrcgen  dioxide  equilibrium,  then  the  data  of  Fig.  7  and 
9  (l.e.,  the  effect  of  and  T^^^l^  should  be  Indistinguishable  when 

plotted  against  an  expression  that  accounts  for  the  effect  of  both  the  bubbler 


and  permeation  temperatures, 
(see  the  discussion  for  Figs. 


Since  ?U204  strongly  influenced  by 
7  and  8)  and  the  ratio  Pn20^^^N02  strongly 


Influenced  by  breakthrough  tires  for  all  of  the  experlmepte  that 


were  included  In  Figs.  7  and  9  were  plouced  against  the  product  of  ^^20^  times 

P(J20^/^K02  product  was  expressed  as  (Pn^04^^^^N02 

Fig .  12 . 
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rig.  10.  Unconditioned  PHE.  Showing  the  Effect  of  the  Pemeetlon  Test 
Cheaber  Teapereture.  The  natural  logarithaa  of  the  Inverse  of 
the  NO2  breakthrough  tiaes  are  plotted  against  the  Inverse  of 
the  peraeation  teat  chaaber  tcapersture.  The  slope  yields  a 
calculated  "activation  snergy"  of  '•26  kcal/aole  (slope/R). 
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Fig.  11.  Unconditioned  THE,  Showing  the  Effect  of  the  Permeation  Test 
Chamber  Temperature.  The  breakthrough  times  are  plotted 
against  the  ratio  of  the  partial  pressures  of  N20^.and  NO2. 
This  ratio  decreases  as  the  permeation  test  chamber 
temperature  Is  Increased.  The  lowest  ratio  data  point 
represents  a  minimum  value,  since  no  breakthrough  occurred 
during  the  464  min  of  the  monitoring. 
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Fig.  12. 


Unconditioned  PHS,  Shoving  the  Combined  Effect  of  the 
Tempereturee  of  Both  the  Bubbler  (T^^b^  F^tmetlon 

Test  Cheaber  common  deta  ere  the  data  used  in 

Pigs.  7  and  9  and  T^u,  plots).  The  breakthrough  times 

are  plotted  against  the  product  of  the  partial  preasure  of 


(which  is  strongly  influenced  by  ^bubb^  times  the  ratio 
ox  the  partial  pressures  of  N2O4  NO2  T«nlch  is  strongly 
Influenced  by 
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The  data  are  eyabollcally  labeled  In  Fig.  12  as  follows:  triangles 
represent  the  experiments  that  Investigated  the  effect  of  circles 

represent  the  experiments  that  investigated  the  effect  of  T^g^l'  upside- 
down  triangles  represent  the  experiments  common  to  both  investigations.  Since 
we  had  previously  concluded  that  the  experiments  that  investigated  the  effect 
of  molar  flow  of  indistinguishable  from  the  data,  they  were 

also  Included  (as  triangles)  in  Fig.  12.  Likewise,  the  experiments  that 
investigated  the  effect  of  differential  pressure  were  included  (as  circles) 
with  the  data. 

It  is  apparent  that  the  breakthrough  times  for  all  of  the  experiments 
included  in  Fig.  12  appear  to  have  the  same  complicated  dependence  upon  the 
partial  pressures  of  the  oxides  of  nitrogen.  Therefore,  at  least  part  of  the 
observed  dependence  of  the  breakthrough  times  upon  the  permeation  test  cell 
temperature  (^cfi,!)  My  be  due  to  the  temperature  dependence  of  the  NO2/N2O4 
equilibrium.  This  does  not,  however,  rule  out  the  potential  importance  of 
•condensation  and  possibly  solubility  upon  the  observed  dependence  of 
breakthrough  time  on  permeation  test  cell  temperature. 

Consequently,  these  data  indicate  that  the  temperature  of  the  permeation 
test  chamber  (i.e.,  the  temperature  of  the  oxldlzer/air  mixture  and  the  test 
material)  is  an  important  experimental  parameter.  Since  the  permeation  test 
cell  temperature  was  cot  controlled  in  earlier  test  procedures,  the  variation 
in  laboratory  temperatures  probably  contributed  to  the  inconsistent  results 
reported  by  ADL,  NASA;  and  KMC. 

J.  EFFECT  OF  THE  DIFFgRENTIAL  PRESSURE 

A  discussion  of  the  298.2-K  data  in  Fig.  9  is  helpful  in  evaluating  the 
potential  effect  on  breakthrough  time  of  the  differential  pressure  across  the 
fabric  during  the  permeation  test  for  the  unconditioned  PHE  (and  PHE') 
material.  The  following  data  were  included  in  this  comparison:  experiments  5, 
10,  and  16  (represented  as  diamonds)  wars  performed  at  a  differential  pressure 
of  75  Ps  across  the  PHE  (and  PHE')  material;  experiment  9  (represented  as  an 
inverted  triangle)  was  performed  at  a  differential  pressure  of  250  Pa  across 
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tiM  FHE  aattrlal;  and  asparlaant  13  (rapraaastad  aa  a  elrela)  waa  parforaad  at 
a  dlffarantlal  prasaura  of  -2S0  Pa  acroaa  tha  FHE  aatarlal* 

Upon  axaainatlon  of  tha  abova  data  In  Pig.  9,  It  appears  that  any  affect 
Chat  the  differential  pressure  across  the  aaterial  eight  have  on  Che  1102 
breakchrough  Clea  of  the  Propellant  Ranoler's  Ensenble  coverall  aaterial  is 
overshadoeed  by  the  scattar  in  the  dctaraination  of  the  breakthrough:  tlaes* 
Therefore,  over  the  range  of  »2S0  to  250  Pa  (->1  to  inches  of  eater) 
differential  pressare,  tha  scatter  in  tha  breakthrough  ties  ehleh  results  froa 
aaterial  variation  appears  to  be  greater  than  any  affect  due  to  the  changes  in 
differential  pressure. 

K.  HATE  OF  DETERIORATIOH 

In  the  previous  sections,  the  breakthrough  tiaa  was  used  as  an  indicator 
of  the  peraeatlon  resistance  of  the  aatarlals  under  various  test  conditions. 
Once  ’‘breakthrough*  has  occurred,  the  rate  of  datacioration  of  the  peraeatlon 
reaiatanca  of  tha  fabric  can  be  represented  by  the  tiaa  required  for  the 
oxidiser  concentration  in  the  sweep  gas  to  iacrease  froa  the  breskthrough 
concentration  of  0.09  ppa  (coluan  14  in  Table  1)  to  3.0  ppa  (eoluam  15  la 
Table  1).  He  will  refer  to  this  difference  in  tiaa  as  At  and  have  plotted  At 
versus  the  breakthrough  tiaa  in  fig.  13  for  asst  of  our  experiaents;  the  PHB 
data  are  represented  as  diaaonds,  the  kPBQ)  data  as  circles,  and  tha  CHEM  data 
as  squares.  In  experiaents  1,  2,  5,  6,  17,  sad  26,  the  value  la  coluan  15  of 
Table  1  was  either  approxiaate  (being  obtained  froa  a  saall  extrapolation  on 
the  strip  chart  recording)  or  was  undetsmlnsd.  Therefore,  At  could  not  be 
detemlned  for  these  tests  and  is  not  represented  for  thea  in  Pig.  13.  The 
line  in  Pig.  13  represents  a  first-^rder  least-squarss  fit  to  all  of  the 
included  experiaental  data. 

It  is  apparent  froa  exaaination  of  Pig.  13  that  both  the  breakthrough 
tias^^and^  Ar.ars  useful  indicetors  of  tha  rata  of  deterioration  of  the 
aatarlals  following  exposure  to  the  oxidiser;  the  data  indicate  that  early 
breakthrough  is  usually  accoapanied  by  a  relatively  short  At. 

A  short  At  presents  a  special  danger  froa  an  operational  point  of  view, 
since  it  indicates  that  the  propellant  handler  would  have  vary  little  tiaa 
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Fig.  13.  Rat*  of  Deterioration.  At  ia  defined  aa  the  difference  in  | 

tia*  between  obtaining  breakthrough  (NO2  concentration  ••0.09 
pp«  in  the  sweep  air)  and  obtaining  an  MO2  concentration  of 
3.0  ppa  in  the  sweep  air.  At  values  for  the  CHEM  (a),  RFHCO 
(O),  and  both  batches  of  the  Propellant  Handler's  Enaenbla  (O) 
are  plotted  against  the  breakthrough  tlaes  for  each  j 

experiaent. 
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between  flrsc  detecting  breakthrough  (by  his  ooee»  for  exaople)  and  having 
dangeroua  concentratlona  within  the  enseable*  It  should  be  noted  that  the 
CHEM  results  (squares  In  Fig.  13)  represent  an  estreoe  case  of  early 
breakthrough  followed  by  catastrophic  failure  of  the  aaterial  within  1  to  2 
•In.  On  the  other  hand*  both  the  SFHCO  and  PHE  saaples  provided  At's  of  acre 
than  6.6  aln,  even  under  worst-^se  test  conditions. 

Therefore*  the  chlorobutyl  aaterlals  (l.e.,  FHB  and  RFHCO)  not  only 
provide  better  peracatlon  resistance  (l.e.,  have  longer  breakthrough  tines  for 
the  sane  test  conditions)  but  also  deteriorate  aore  slowly  (l.e.,  have 
larger  At's  for  the  ssm  breakthrough  tines)  than  the  CHEM  (chlorinated 
polyethylene)  aaterial. 

L.  WORST“CASB  CONDITIONS 

Since  the  Qualification  Test  Procedure  did  not  define  or  specify  the 
value  of  aany  of  the  experlaental  paraaeters  that  we  investigated.  It  Is 
difficult  to  detersdne  when  enough  data  have  been  taken.  If  one  sasuaas  that 
the  aaterial  aust  neat  the  Qualification  requlrsaents  undar  worstocase 
conditions,  then  enough  data  aust  be  collected  to  define  those  conditions.  He 
Identified  the  worst-case  conditions  for  the  unconditioned  saaples  and  then 
tested  the  conditioned  saaples  under  these  ’’worst-case”  conditions. 

1.  fOU  OMCOHDITIOIIED  SAMPLES 

As  Indicated  In  our  previous  dlscusslonw  of  the  test  results,  the 
breakthrough  tlae  depends  aost  strongly  upon  the  teaperature  of  the  perswatlon 
test  cell  (see  Figs.  9  through  11)  and  upon  the  teaperature  of  the  bubbler 
(see  Figs.  7  and  8).  Since  H2O4/NO2  vapor  would  condense  In  the  test  cell  If 
the  teaperature  of  the  peraeatlon  test  cell  beesae  cooler  than  the  teaperature 
of  the  N20^  bubbler,  the  worst-case  condition  for  noncondensable  vapor 
exposures  would  be  either  (ease  A)  a  low  peraeatlon  tast  cell  teaperature  at  a 
reduced  bubbler  teaperature  or  (ease  B)  a  high  bubbler  teaperature  at  slightly 
elevated  peraeatlon  test  cell  teaperature. 

He  Investigated  esse  A  In  experlaent  28.  For  this  experlaent  we 
slaultsneously  reduced  the  teaperature  of  both  the  peraeatlon  test  cell 


51 


and  tha  N20^  bubbler  by  S  K  fros  the  teat  conditions  used  In  experloent  IS, 
which  showed  the  fastest  breakthrough  tlae  (Fig.  9).  Since  the  breakthrough 
tlM  for  experiment  28  was  2.8  tines  slower  than  that  for  experiment  15,  the 
most  Important  experimental  parameter  appears  to  be  the  bubbler  temperature 
and  hence  the  ^1120^  vhlch  the  material  Is  exposed. 

Vm  Investigated  case  B  la  order  to  confirm  the  above  conclusion.  In 
experiment  29  we  simultaneously  Increased  both  the  temperature  of  the 
permeation  test  cell  and  the  bubbler  temperature  by  1.3  K  from  the  test 
conditions  used  In  experiment  15*  As  predicted  In  the  above  paragraph,  the 
breakthrough  occurred  sooner  In  experiment  29  (at  62  min)  than  for  any  other 
PHE  sample  tested  under  any  of  the  previous  test  conditions.  The  RFHCO 
coverall  samples  tested  In  experiments  30  and  31  under  these  same  conditions 
had  shorter  breakthrough  times  (93  and  85  min,  respectively)  than  for  any 
other  RFHCO  sample  tested  under  any  previous  test  condition.  It  should  be 
noted  that  the  unconditioned  RFHCO  coverall  samples  had  44Z  longer  break-  . 
through  times  than  did  the  unconditioned  sample  of  PHZ*  under  worst-case 
conditions;  therefore,  the  relative  ranking  is  the  same  as  that  established  In 
all  earlier  tests. 

Thus  the  worst-case  permeation  test  conditions  for  the  unconditioned  PHE 
material  an  a  288. 2-K  conditioning  temperature,  a  295. 5-K  permeation  test 
temperature,  and  a  29A.5-K  bubbler  temperatun.  It  should  be  noted  that  an 
operationally  reasonable  worst-case  condition  could  Involve  cold  PHE  material 
and  a  warn  source  of  oxldlxer;  under  these  conditions  N20^  might  condense  onto 
tha  fabric.  Consequently,  one  would  expect  that  the  breakthrough  times  for 
condensed  II2O4  vwpor  would  approach  those  obtained  for  an  Initial  exposure  to 
liquid  ^20^, 

2.  FOR  CONDITIONED  SAHPLES 

The  permeation  resistances  of  conditioned  samples  of  PHE*  (experiments  32 
and  33)  and  a  conditioned  sample  of  RFHCO  (experiment  34)  were  determined 
under  the  worst-caae  permeation  test  conditions  that  applied  to  unconditioned 
PHE*.  These  tests  were  carried  out  3  to  4  months  after  experiments  29  through 
31  (on  the  unconditioned  samples)  In  a  dlffarent  building  at  The  Aerospace 
Corporation. 
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On  thn  basis  of  tbe  offsets  of  conditioning  ehlorobutyl  naterisls  in  the 
exporinents  discussed  previously  (see  Section  IV*B},  we  would  have  predicted 
that  the  conditioned  chlorobutyl  experiments  (32 »  33,  and  34)  would  have  had 
shorter  breakthrough  times  than  the  unconditioned  chlorobutyl  experiments  (29, 
30,  and  31)  for  the  worst-^ase  test  conditions*  This  was  the  case  for  the 
IFHOO  aaaplea  but  not  for  the  PHE*  coverall  samples.  The  breakthrough  times 
for  the  conditioned  PHE*  samples  were  66Z  longer  than  the  breakthrough  time 
for  the  unconditioned  PHE*  when  tested  under  the  worst-case  conditions  that 
were  determined  for  unconditioned  samples.  Since  all  experimental  parameters 
were  set  to  the  worst-ease  conditions,  the  greater  permeation  resistance  of 
these  conditioned  samples  oust  be  attributed  to  a  greater  inherent  permeation 
resistance  of  the  aged  samples  (see  discussion  below),  a  different  effect  of 
conditioning  for  the  worst-case  teat  conditions,  or  a  combination  of  both 
these  factors. 

3.  EPFECT  or  SAMPLE  AGING 

In  order  to  evaluate  the  effect  of  aging  upon  the  permeation  resistance 
of  the  RFHOO  coverall  material,  two  additional  permeation  tests  were  carried 
out  on  unconditioned  IFECO  coverall  samples  (experiments  36  and  37)  at  the 
same  worst-case  conditions  used  4  months  earlier  for  experiments  30  and  31. 

It  is  apparent  that  the  elder  RFHCO  samples  had  such  greater  permeation 
resistance  when  tested  under  the  same  permeation  test  conditions*  Therefore, 
it  appears  that  the  pemeation  resistance  of  samples  of  chlorobutyl  materials 
will  change  upon  storage  at  room  temperature  in  an  office  environment. 

4.  EFFECT  OF  PERMEATION  TEST  TEMPERATURE  REVISITED 

The  effect  of  the  pemeation  test  chamber  temperature  upon  the  break¬ 
through  time  was  evaluated  for  unconditioned  samples  of  the  PHE  coverall  and 
was  diacjssed  in  Section  IV.l.  Comparison  of  the  results  of  experiments  32 
and  33  with  the  result  of  experiment  35  indieites  that  a  12.7-R  increase  in 
permeation  test  chamber  temperature  resulted  in  a  66Z  increase  in  breakthrough 
time  for  conditioned  PHE*  samples  that  were  challenged  with  the  highest 
concentration  of  oxldiser*  On  the  other  hand,  a  14-K  increase  in  permeation 
test  temperature  resulted  in  a  5B2T  increase  in  breakthrough  time  for 
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unconditioned  PHE*  eamples  that  tmre  challenged  with  the  same  concentrations 
of  oxidizer  vapor  In  a  series  of  tests  performed  several  months  earlier. 

Therefore,  the  breakthrough  time  is  a  function  of  the  permeation  test 
cell  temperature  for  both  conditioned  and  unconditioned  samples  of  material. 
The  magnitude  of  the  sensitivity  to  the  permeation  test  temperature  appears  to 
depend  upon  one  or  more  of  the  following:  the  age  of  the  sample;  the  exposure 
history  (l.e.,  cycles  of  conditioning);  the  permeation  test  conditions;  and 
the  sample-to-sanple  variability  of  the  materials. 

5.  RELATIVE  RANKING  REVISITED 

In  all  previous  experiments,  samples  of  the  RFRCO  coverall  material 
exhibited  longer  NO2  breakthrough  times  than  the  samples  of  the  PHE  coverall 
material  tested  under  Identical  experimental  conditions.  The  results  of 
experiments  34  (RPHCO)  and  experiments  32  and  33  (PHE)  represent  an  exception 
to  this  ranking.  All  three  of  these  testa  ware  performed  in  ':he  same  time 
period  under  Identical  experimental  conditions,  yet  the  breakthrough  time  of 
the  RFHCO  sample  was  only  65  min  compared  with  the  103  and  100  min  for  the  PHE 
samples.  These  data  Indicate  that  the  relative  ranking  of  these  materials 
depends  upon  the  same  perameters  that  were  listed  in  the  previous  paragraph. 


JOALIPICATICW  OP  THE  MATERIALS 


As  discussed  In  Section  II,  the  (^llflcatlon  Test  Procedure  specified 
that  the  NO2  concentration  on  the  unexposed  side  of  the  material  be  monitored 
with  an  Ecolyzer  NO2  detector  until  either  a  sharp  Increase  In  NO2  concentra¬ 
tion  occurs  in  the  sweep  gas  or  2  hr  have  elapsed  since  the  Initiation  of 
exposure.  Since  no  pass  or  fall  criteria  were  defined  In  the  MMC  T79-80A  test 
procedure,  the  NASA  specification^  for  the  PHE  Indicated  that  the  results 
should  be  evsluated  according  to  the  requirements  of  an  earlier  military 
specification^  for  other  chlorobutyl  materials  In  which  an  acceptable  cumula¬ 
tive  NO2  permeation  during  the  first  hour  of  N2O4  vapor  exposure  Is  specified 
to  be  1.54  M  10“^  mg  N02/ca^*  For  comparison  this  would  be  equivalent  to  an 
average  of  0.17  ppm  of  NOj  throughout  the  first  hour  In  the  2-t/min  sweep  air 
flow  and  for  the  24.6  cm^  area  of  fabric  that  were  used  In  our  tests. 


Therefor* »  the  eoneentretioo  (0.09  ppe  Ii02)  thet  we  defined  ea  ’breakthrough" 
la  our  experiments  Is  one  half  of  this  characteristic  concentration. 

Both  the  RFHCO  and  PHE  coverall  materials  resisted  permeation  NO2 
vapor  for  more  than  60  min  under  til  experimental  conditions  Investigated,  and 
therefore  met  the  requirements  of  the  NASA  specification. 

Under  the  eondltloas  of  experiment  23,  unconditioned  CHEM  coverall 
material  (Cloropel)  mas  permeated  by  IX)2  within  46  ala,  and  the  concentration 
of  NO2  vapor  In  the  sweep  air  Increased  beyond  the  rangv^  of  the  detector 
03.0  ppm)  within  a  minute  of  the  breakthrough.  Even  had  the  concentration 
remained  at  3.0  ppm  for  the  remaining  13  min  of  the  hour,  the  cumulative  NO2 
permeation  during  the  first  hour  would  have  been  0.006  mg  N02/ca^,  which  is 
approximately  4  times  the  maximum  acceptable  by  the  NASA  specification.  Since 
It  Is  more  likely  that  the  IIO2  concentration  would  have  continued  to  Increase 
after  It  exceeded  the  scale  of  the  Ecolyser,  the  actual  cumulative  NO2 
permeation  was  probably  much  higher  than  this  estimate. 

As  previously  dlscupsed,  the  CHEM  material  was  severely  attacked  during 
the  first  cycle  of  conditioning  and  was  so  badly  curled  that  It  could  not  be 
Installed  Into  the  conditioning  apparatus  for  the  second  cycle  of  condition¬ 
ing.  Therefore,  the  permeation  resistance  of  the  unconditioned  CHEM  coverall 
material  Is  not  only  Inadequate  according  to  the  acceptance  criteria  of  the 
military  specification,  but  also  Is  so  badly  attacked  by  the  liquid  hypergols 
that  It  would  not  likely  be  reused  following  such  an  exposure. 
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V.  SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS 


In  order  to  provide  for  future  Interlaboretory  comparison  of  permeation 
test  results,  our  experiments  have  established  the  need  for  a  more  detailed 
NO2  permeation  test  procedure  than  those  previously  used  by  NASA  and  the  Air 
Force. 

Ve  have  described  a  test  apparatus  and  a  procedure  for  carrying  out 
reproducible  conditioning  of  material  samples  by  controlled  exposure  to  known 
volumes  of  liquid  hypergols  at  a  well-defined  temperature,  as  well  as  for 
conducting  subsequent  quantitative  permeation  tests  of  the  conditioned  samples 
under  conditions  of  controlled  temperature,  absolute  pressure,  differential 
pressure,  and  concentration  cf  the  dlnitrogen  tetroxlde  vapor. 

We  carried  out  N20^/N02  permeation  testing  on  three  coverall  materials 
and  have  thereby  ranked  their  resistance  to  permeation  by  NO2  as  RFUCO  >  PHE  > 
CHEM  in  decreasing  order  of  their  breakthrough  times  under  most,  but  not  all, 
experimental  conditions.  Under  most  test  conditions,  samples  of  the  SFHCO 
coverall  material  (the  B.  I.  du  Pont  chlorobutyl  material  currently  used  in 
the  construction  of  the  Rocket  Fuel  Sandler's  Clothing  Outfit)  typically 
resisted  permeation  by  NO2  by  -1.4  times  as  long  as  similarly  conditioned 
samples  of  the  PHE  coverall  material  (the  du  Pont  chlorobutyl  material  used  in 
the  new  Propellant  Handler's  Ensemble)  and  approximately  4  times  as  long  as 
similarly  conditioned  samples  of  the  CHEM  coverall  miterial  [the  ILC  Dover 
chlorinated  polyethylene  (Cloropel)  material  currently  used  in  the  Chemturion 
protective  ensemble].  This  relative  ranking  is  consistent  with  the  permeation 
data  reported  by  the  Martin  Marietta  Corporation^* as  well  as  with  our 
earlier  test  results. It  should  be  noted,  however,  that  samples  of  the 
PHE  coverall  material  provided  longer  breakthrough  times  than  did  a  sample  of 
similarly  conditioned  and  tested  RFHCO  coverall  material  under  one  set  of  the 
experimental  conditions  we  investigated.  Therefore,  the  relative  ranking  of 
PHE  and  RFHCO  samples  may  depend  upon  one  or  more  of  the  following:  the  age  of 
the  sample;  the  exposure  history  (i.e.,  cycles  of ' conditioning);  the  permea¬ 
tion  test  conditions;  and  the  sample-to-sample  variability  of  the  materials. 
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Our  rMulta  also  lodleata  ehac  tha  saaplaa  of  both  tho  PRB  and  tho  IfHCO 
covarall  aatariala  that  mb  taatad  aecordiog  to  tha  MASA  apaclflcacion 
procaduraa  aat  tha  critarla  for  aecaptaaca  for  uaa  in  tha  Propallaot  Hanillar'a 
Enaaabla  avan  undar  worat«eaaa  conditioaa.  Tha  failura  of  tha  PHE  eorarall 
aatarlal  during  tha  Arthur  D.  Littla  taat  aay  hava  raaultad  froa  aavaral 
dlffarancaa  that  could  includa  tha  folloalogt  tha  taaparatura  of  tha  liquid 
il20^  and  tha  panaaclou  taat  call*  tha  aoluaa  of  hypargol  uaad  la  tha 
coadltlooiof  *  and  quite  llkalj  tha  aga  of  tha  aaaplaa.  Our  data  auggaat  that 
tha  paraaatlon  raalataaca  of  tha  PSB  and  EFHCO  aatariala  aay  Incraaaa  with 
atoraga  In  aablant  air. 

Aa  uncoodltlonad  CHSM  (Cloropal)  aaapla  uaa  paraaatad  by  NO2  rapor  after 
46  ola  of  axpoaura  ta  tha  axidlzar  vapor*  and  tharefara  appaara  to  have  an 
unacceptable  paraeatlon  raalatanca  even  before  It  uaa  conditioned.  In 
addition*  tha  Cloropal  aatarlal  bacaaa  ao  badly  dlatortad  following  Ita 
axpoaura  to  tha  liquid  hypazgola  that  It  could  net  be  Inatalled  Into  the 
conditioning  apparatuo  for  tha  aacood  oat  of  conditioning  hypargol 
axpoauraa.  Tharefora*  It  la  unlikely  that  an  anaanbla  node  out  of  tha 
Cloropal  aatarlal  would  be  conaldarod  for  rauaa  after  auch  liquid  hypargol 
axpoauraa. 

Wa  uaad  our  test  apparatua  to  Inreatlgata  tha  laportanca  of  varloua 
axparloantal  paraoatara  and  have  daaonatratad  tha  laportanca  of  defining  and 
controlling  tha  following;  tha  taaparatura  of  tha  paraaatlon  taat  chaabar 
(l.a.*  tha  aatarlal  and  tha  vapor)  and  tha  taaparatura  of  the  liquid  ^20^  uaad 
aa  tha  oourca  of  oxidlaar  vapor  to  which  tha  aatarlal  la  oxpoaad.  Tha 
conditioning  taaparatura  and  tha  dlfferantlal  preaaura  acroaa  the  fabric 
during  tha  paraaatlon  taat  ware  alao  Inraatlgatad  and  appeared  to  have  little* 
If  any*  affect  on  tha  breakthrough  tlaa  of  tha  PHE  aatarlal  over  the  rangea 
Invactlgated. 

Ha  faal  that  It  uould  require  aa  onoraoua  effort  to  Invaatlgata  all 
poaalbla  exparlaantal  condltlona  for  every  aatarlal.  Therefore*  convenient  or 
reaaonable  valuaa  of  aoat  of  tha  exparlaantal  paraaetere  ahould  be  conala- 
tently  defined  In  future  teat  procaduraa.  He  auggeat  that  unconditioned 
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candidate  aaterlala  be  acreened  uaing  308  and  294-K  penaeatlon  test  cell 
tenperaturea  and  294.5  and  288. 2HC  bubbler  teaperatures.  .tte  resulta  of  these 
four  teats  would  establish  the  trends  In  breakthroufh  tlsMS  for  the  candidate 
■aterlals  In  the  olnlaua  of  tine,  since  each  test  would  require  only  one  day 
to  perfora.  In  addition,  the  pemeatlon  resistance  of  the  aaterlala  would  be 
ranked  by  these  tests;  thus  only  the  best  aaterlal  would  then  be  subjected  to 
the  conditioning  and  subsequently  be  tested  under  Che  "worsC-case  conditions'* 
deteralncd  for  Its  unconditioned  saaples* 

It  Is  apparent  Chat  InterlaboraCory  eonparlaon  and  batch-to-batch 
aonltorlng  can  only  be  accoapllshed  by  using  a  permeation  test  procedure  Chat 
provides  detailed  step~by~atep  protocols  and  completely  defines  all  of  the 
experlaental  conditions,  tfe  found  our  teat  procedure  to  be  adequate  for  this 
Cask  and  have  recoaaended  Chat  the  ailltary  speclflcaCla .  test  procedures  be 
updated  to  Include  definition  and  control  of  the  additional  experlaental 
paraaeCers  that  were  Identified  In  this  report. 
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APPENDIX  A:  EXTENDED  DESCRIPTION  OF  THE  APPARATUS 


Separate  experinental  facllltlee  were  used  to  accomplish  the  liquid  N20^ 
conditioning,  the  liquid  MMH  conditioning,  and  the  NO2  permeation  testing. 
These  apparatus  are  illustrated  schematically  in  the  text  in  Figs.  1,2,  and 
3,  respectively,  and  are  described  in  the  following  paragraphs. 

A.  LIQUID  CONDITIONING  APPARATUS 

The  liquid  N20^  conditioning  apparatus  (Fig.  1)  was  composed  of  the 
following  components:  the  hypergol  reservoir,  an  air  purge  system,  a  water 
rinse  system,  a  waste  reservoir,  a  temperature  control  system,  and  the  test 
stand.  Each  of  these  systems  will  be  briefly  described  In  the  following 
paragraphs. 

In  experiments  1  through  4 ,  7 ,  8 ,  12 ,  14 ,  and  32  through  35 ,  a  water- 
jacketed,  calibrated,  Pyrex  hypergol  reservoir  was  used  to  condense  SO  ml  of 
liquid  N2O4  from  a  N20^  cylinder.  The  hypergol  reservoir  was  maintained  at 
the  sasM  temperature  as  the  conditioning  block  (normally  set  at  288.2  K).  The 
N2O4  cylinder  was  msintained  at  298.2  K  by  using  an  electrically  heated  copper 
Jacket. 

la  experiments  19 ,  20 ,  21 ,  and  24 ,  the  same  water-jacketed  Pyrex 
reservoir  was  used  to  chill  50  od  of  liquid  N20^  after  the  N20^  was 
transferred  from  a  distillation  flask.  The  liquid  N2O4  was  previously 
purified  by  fractional  distillation  in  a  second  hood  in  order  to  evaluate  the 
effects  of  potential  Impurities  on  the  permeation  test  results.  The  low- 
temperature  (<294.2  K)  fraction,  which  formed  blue  crystals  in  the  liquid 
nitrogen  trap,  was  not  retained.  Ve  collected  the  294. 2-K  (i.e.,  the  normal 
boiling  point  of  ^2^4^  fraction,  which  formed  white  crystals  when  trapped  at 
liquid  nitrogen  temperatures.  This  fraction  was  stored  at  reduced  temperature 
under  constant  dry-air  purge  until  it  was  used  in  either  the  conditioning  or 
permeation  tests.  The  distlllstlon  was  performed  on  a  weekly  basis. 

As  indicated  in  Fig.  1,  the  hypergol  reservoir  was  positioned  above  the 
conditioning  block,  and  therefore  gravity  caused  the  hypergol  to  flow  onto  the 
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test  fabric  whan  the  Teflon  solenoid  valve  (SV-11)  at  the  bottoa  of  the 
reservoir  was  opened. 

The  liquid  N2O4  test  stand  consisted  of  a  steel  platfora,  a  low-profile 
■agnetlc  isount,  a  hinged  stainless-steel  baseplate,  and  a  Teflon  block. 
Additional  details  of  the  hinged  stainless-steel  baseplate  and  the  Teflon 
block,  which  were  both  specifically  designed  for  this  program,  are  Illustrated 
In  Fig.  4. 

The  conditioning  block  ms  positioned  In  the  horizontal  position 
(6  a  180*  Iti  Fig.  1)  prior  to  and  during  the  hypergol  exposure,  and  was 
lowered  to  an  Inclined  position  (6  -  115*)  during  the  mter  rinse  and  the  air 
purge;  a  block  and  tackle  vere  used  which,  for  the  sake  of  clarity,  ara  not 
shown  In  Fig.  1.  As  Illustrated  In  that  saoe  figure,  the  stainless-steel 
baseplate  and  the  Teflon  block  (both  detailed  In  Fig.  4)  were  cooled  with  the 
same  water  that  was  circulated  through  the  hypergol  reservoir. 

A  square  swctlon  of  the  test  material,  10  cm  by  10  cm,  ms  sandwiched  in 
Che  conditioning  block  (see  Fig.  4)  between  the  stainless-steel  baseplate  and 
the  Teflon  block,  with  the  ‘‘outside’*  of  the  test  material  facing  up.  The 
Teflon  block  and  Che  stainless-steel  baseplate  mre  machined  so  Chat  the 
Teflon  formed  a  0.64-ca-wlde  seal  on  the  edge  of  Che  sample,  therefore  leaving 
a  8.9  cm  by  8.9  cm  surface  of  one  side  of  the  material  that  would  be  exposed 
to  the  liquid  hypergol.  The  chilled  liquid  hypergol  was  Introduced  through  a 
0.64-cm-l.d.  hole  In  the  top  of  th*  Teflon  block  (see  Fig.  4). 

The  mter  and  air  purge  systems  mre  used  to  carry  out  a  1.5  X/mln  mter 
rinse  of  the  materiiil  after  the  hypergol  exposure  and  to  blow  the  excess  mter 
from  Che  system  after  the  water  rinse,  respectively.  Teflon  solenoid  vaxvcs 
mre  used  to  control  Che  mter  and  air  flows.  The  mter  was  directed  Into  the 
top  of  Che  conditioning  block  through  a  Teflon  solenoid  valve  (SV-12),  as  well 
as  across  the  mstcrlal  through  a  series  of  holes  along  the  hinged  side  of  Che 
conditioning  block  (see  Fig.  4).  The  conditioning  block  was  lowered 
(6  ■  115*)  during  the  water  rinse  so  that  gravity  would  facilitate  drainage. 
The  hypergol  und  contaminated  rinse  water  drained  from  the  block  through  a 
series  of  holes  along  the  lomr  edge  of  the  material  (furthest  from  the 
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hing«).  Therefor* i  Che  eleea  weter  entered  along  the  upper  edge  of  the 
■eterlel,  and  the  contaalnated  rina*  water  drained  into  the  waste  reservoir 
froa  the  lower  edge  of  the  aaterlal.  A  block  and  tackle  were  used  to  raise 
and  lower  the  conditioning  block  resotely  during  the  water  rinse  and  air  purge 
of  the  aystesi.  Therefor* «  the  hypergol  exposure  and  the  water  rinse  were 
accoapllshed  In  on*  apparatus  through  reaote  switching  of  Teflon  solenoid 
valves  and  nanipulatloa  of  the  angle  of  Incline  of  the  conditioning  block  by 
■eana  of  a  block  and  tackle. 

The  stainless-steel  waste  reservoir,  used  as  a  trap  for  liquid  discharge, 
was  vented  to  the  hood.  This  allowed  the  hypergol  exposure  to  be  performed  at 
aabient  ataospherlc  pressure.  The  reservoir  was  also  connected  to  a  water 
aspirator  that  was  used  during  the  cleanup. 

Teflon  valves  and  fittings  (Fluorocarbon  Co.)  were  used  on  the 
conditioning  apparatus  In  order  to  prevent  contaalnatlon  of  the  hypergol  and 
rlna*  water.  FBP  Teflon-lined  polyethylene  tubing  (Dixon  Industries)  was  used 
where  there  would  be  direct  expoeur*  to  the  liquid  hypergol  prior  to  the  use 
of  the  conditioning  block;  It  was  replaced  after  each  experiment.  Poly  Flo 
polyethylene  tubing  ( laperlal-Eastman)  was  used  la  the  water  and  air  rinse 
systeas  and  In  the  wastewater  drain.  The  hypergol-contaainated  polyethylene 
tubing  was  replaced  after  each  experlaent.  Stainless-steel  valves  were  used 
on  the  N2O4  cylinder  and  on  the  stainless-steel  waste  reservoir.  Because  of 
corrosion,  the  waste  reservoir  valves  were  replaced  periodically. 

The  apparattis  was  thoroughly  washed  and  dried  prior  to  each  use.  In 
order  to  verify  a  positive  seal  around  the  edge  of  the  material,  the 
conditioning  block  was  tested  for  leaks  prior  to  each  conditioning. 

B.  LIQUID  MHH  CONDITIONING  APPARATUS 

The  liquid  MIH  conditioning  epparatus  (Fig.  2)  was  composed  of  the 
following  components:  the  hypergol  reservoir,  an  air  purge  system,  a  water 
rinse  system,  a  waste  reservoir,  a  temperature  control  system,  and  the  test 
stand.  The  same  air  purge  system,  weter  rinse  system,  and  test  stand  irare 
used  in  both  the  MIH  and  N20^  conditioning  apparatus  (see  above  descri; ;:lon) . 
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Sinct  liquid  MQl  ws  poured  directly  luto  the  water'-Jackcted  Pyres 
h/pergol  reservoir  (after  a  Teflon  fitting  was  reaoved) ,  a  different  design 
was  used  for  the  WIH  hypergol  reservoir  than  for  the  oxldlser  reservoir.  In 
order  to  avoid  any  contact  of  the  fuel  with  sMtals  or  other  sources  of 
Ignition,  the  following  changes  were  aade:  the  Teflon  solenoid  valves  SV-11 
and  SV~12  of  the  oxldlxer-condltlonlng  apparatus  were  replaced  with  nanual 
Teflon  valves  MV-IS  and  MV-14,  respectively,  and  a  polyethylene  waste 
reservoir  replaced  the  stalnless-steel  waste  reservoir  used  In  the  oxldlser 
apparatus. 

The  naterlals  used  In  the  conditioning  apparatus  were  the  sane  as 
those  described  In  the  next  to  last  paragraph  of  Section  A  of  Appendix  A, 
except  that  a  nanual  Teflon  valve  (MV-'2  In  Fig.  2)  wns  used  between  the  Mfll 
waste  reservoir  and  the  top  of  the  (Qffi  hypergol  reservoir. 

The  apparatus  was  thoroughly  washed  and  dried  prior  to  each  use.  In 
order  to  verify  a  positive  seal  around  the  edge  of  the  naterlal,  the 
conditioning  block  was  leak  tested  prior  to  each  conditioning. 

C.  NOj  PERMEATION  APPARATUS 

The  NO2  pemeatlon  apparatus  (Fig.  3)  Is  conposed  of  the  following 
systsns:  the  test  chaabsr,  the  teaperature  control  systen,  the  N2O4 
generator,  the  pressure  aonltorlng  and  control  systen,  the  waste  reservoir, 
aud  conpressed  air  supplies. 

The  test  cell,  which  ms  contained  within  the  test  chaaber,  ms  aade  froa 
two  nodlfled  glass  joints  (Kontes  of  California,  K671750  connector)  that  had 
stens  that  mra  50  an  l.d.  by  54  an  o.d.  A  size  2-229,  butyl  rubber  O-rlng 
(Absco  Industries,  B-591-80)  was  used  to  fora  an  alr-tlght  seal  between  the 
unexposed  side  of  the  test  naterlal  and  the  upper  half  of  the  test  call;  a  new 
O-rlng  was  used  In  every  experlaent.  In  order  Co  avoid  problens  resulting 
froa  reactivity  of  the  O-rlng  naterlal  with  the  concentrated  oxidizer  vapor, 
no  O-rlng  was  used  on  the  conditioned  side  (’’outside")  of  the  fabric  which 
faces  the  lomr  half  of  the  test  cell;  direct  contact  %d.th  the  rin  of  the 
bottoa  Pyrex  Joint  was  found  to  provide  an  adequata  seal  with  the  fabric. 
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Th«  tMp^Tfttur*  In  tb*  ta«t  call  nooltortv*  with  «  TSI  nodal  425C 
tala^thanonatar  tharnocoupla  that  was  Insartad  into  a  dlnpla  In  tha  wall  of 
tha  tast  call*  Tha  tenparatura  of  tha  test  cell  was  regulated  with  a 
Plexiglas  housing,  a  fan,  a  radiator,  and  c  clrenlstlng  constant-teaperature 
bath  (either  a  Lauda  SC-lT-l  or  a  Haslab  LT-SO)*  Tha  tenparatura  could  be 
nalntainad  to  within  ±0.5  K  of  tha  salactad  tenparatura  throughout  tha 
pameatlon  teat* 


k  lOOO^Torr  range,  absoluta*^apaeltanea  aanonatar  (MKS  Baratron 
370HS~1000  head,  170M-6C  power  supply,  and  170M-27B  digital  readout)  was  used 
to  nonltor  the  absolute  pressure  in  tha  test  cell.  The  differential  pressure 
across  tha  naterlal  was  nonltored  with  a  10-ln.'-of--watar  range,  differential 
cap^eltanca  nanonatar  (MKS  Baratron  400~-10  head  and  a  PDR-5B  readout).  The 
absolute  and  differential  pressures  were  adjusted  by  restricting  tha  sweep  air 
flow  frosi  tha  top  of  tha  tast  call  using  stainless-steal,  Mupro  nanual  valve 
MV-IS  (Fig*  3)  and  by  rastrictlng  tha  oxidlsar  floe  fron  the  bottosi  of  the 
tast  call  using  stainlass-staal ,  Nupro  nanual  valve  M7-16.  Tha  differential 
pressure  required  constant  nonitoring  througtvmt  tbs  esparlnant  in  order  to 
keep  it  within  12  Pa  (0.5  in.  of  water  pressure)  of  tha  specified  value.  Tha 
sweep  air  flow  was  adjusted  to  2  t/nin  by  naans  of  the  nataring  valve  on  tha 
rotanetar  (no.  603  fron  Msthason).  A  nechanlral  ponp  (Welch  Duo-Seal  nodal 
1402B-01  vacuun  punp)  was  used  to  saro  tha  absolute  eapaeitanca  Mnonata" 
before  each  axparinant  ac4  to  punp  out  tlia  nanonaters  following  each 
exparinent* 

A  special  gas  nanifold  was  designed  and  constructed  out  of  Teflon  tubing 
(Cole-Paraar)  and  Teflon  solenoid  valves  (Fluorocarbon  Co.)  in  order  to 
establish  tha  correct  dlfferantxai  pressure  prior  to  the  start  of  hypargol 
exposure,  and  to  nlnlnlxa  tha  tine  required  for  the  Initiation  of  tha 
exposure.  Initially  tha  test  cell  pressures  were  established  with  an  air  flow 
through  both  tha  top  and  the  botton  of  the  tast  eall.  Tha  flow  through  tha 
botton  of  tha  test  call  was  adjusted  by  nanual  valve  HF-18  (Mipro  stainless 
steal).  Tha  flow  was  nonltored  by  a  500-sccn  nitrogen  ness  flow  nater  (Tylan 
FM360)  with  a  digital  display  (Mathason  nodal  8143);  the  neter  was  calibrated 
in  our  laboratory  for  air*  Tha  air  flow  through  the  botton  of  tha  test  cell 
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could  be  switched  on  and  off  by  Teflon  solenoid  valve  SV-l?  (Fluorocarbon 
Co* )  • 

A  calculated  flow  of  ~2.4  aoles  of  ''N20^'*/aln  was  generated  by  aeans  of  a 
small  flow  of  air  (5  ml/aln  for  the  293-K  bubbler  temperature)  through  a 
water-jacketed  bubbler  that  contained  liquid  N2O4.  The  moles  of  '*N20^''  are 
the  moles  that  would  exist  If  there  were  no  dissociation  into  N02*  The 
bubbler  was  maintained  at  a  constant  temperature  by  means  of  a  circulating 
water  bath  (Lauda  RC-3B2  or  Neslab  LT-50)*  The  oxidizer  vapor  was  vented 
thre  .gh  Teflon  solenoid  valve  SV-24  prior  to  the  start  of  the  experiment.  The 
differential  pressure  across  the  test  material  was  established  by  aeans  of  a 
77-ml/mln  air  flow  through  the  bottom  of  the  test  cell.  This  flow  was 
controlled  by  manual  valve  MV-i8.  The  exposure  was  initiated  by  simulta¬ 
neously  shutting  Teflon  solenoid  valves  SV-17  (tihlch  stops  the  air  flow  to  the 
bottom  of  the  test  cell)  and  SV-24  (which  closes  the  vent  for  the  oxidizer 
vapor)  while  opening  Teflon  solenoid  valve  SV-26*  In  this  way  the  oxidizer 
vapor  was  diverted  into  the  bottom  of  the  test  cell  and  the  exposure  of  the 
material  was  initiated. 

The  same  stainless-steel  waste  reservoir  used  In  the  axldizcr  condition¬ 
ing  apparatus  was  used  in  the  permeation  teat  apparatus.  Thw  aspirator  was 
used  during  clean-up  procedures.  During  the  permeation  test,  all  of  the  waste 
oxidizer  vapors  were  vented  to  the  hood  through  the  waste  reservoir  that 
contained  approximately  100  ml  of  water.  The  waste  oxidizer  vapor  passed  over 
and  not  through  this  water. 

Teflon  valves  and  fittings  (Fluorocarbon  Co.)  were  used  on  the  oxidizer 
vapor  ttanlfold.  FEP  Teflon-lined  polyethylene  tubing  (Dixon  Industries)  was 
used  where  there  would  be  direct  exposure  to  the  oxidizer  vapor,  whereas 
Teflon  tubing  (Cole-Parmer)  was  used  where  there  would  be  direct  contact  with 
liquid  oxidizer.  The  FEP  Teflon-lined  polyethylene  tubing  was  replaced  after 
each  experiment.  Poly  Flo  polyethylene  tubing  (Imperial-Eastman)  was  used  for 
air  flow  and  for  the  waste  vapor.  Oxidizer' •contaminated  Poly  Flo  tubing  was 
replaced  after  each  experiment.  Stainless-steel  valves  were  used  on  the  N20^ 
cylinder,  on  the  stalnleas-steel  waste  reservoir,  and  for  the  flow  restrictor 


▼alv«s  fro*  th«  t«st  coll*  Thooo  ▼olvos  wore  replaced  periodically. 
Stalnless-eteel  bellows  valves  were  used  In  the  capacitance  nanoaeter  manifold 
and  were  pumped  out  after  each  use. 

The  apparatus  was  thoroughly  purged  with  dry  air  after  each  use.  Any 
tubing  that  could  outgas  oxidizer  onto  the  fabric  prior  to  the  start  of  the 
oslblzer  vapor  exposure  was  replaced  before  each  experiment.  All  oocldlzer- 
contaminated  polyethylene  and  Tefloifllned  polyethylene  tubing  was  replaced 
before  each  experiment.  The  permeation  test  cell  was  washed  end  oven-dried 
prior  to  each  experiment. 
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APPENDIX  B;  EXTENDED  DESCRIPTION  OF  THE  PROCEDURES 


Our  experiments  can  be  considered  extensions  of  the  Martin  Marietta 
Corporation  test  procedure  MMC  T79-80A.  Our  experimental  procedure  consists 
of  the  following  two  stages:  (1)  one  side  of  the  material  sample  is 
"conditioned"  by  a  series  of  alternating,  1-min  exposures  to  50  ml  of  liquid 
N20^  and  50  ■.!  of  liquid  oMnomethylhydrazlne  (MMB)  which  are  separated  by 
water  rinses  and  air  drying;  (2)  the  material’s  resistance  to  permeation  by 
NO2  Is  then  determined  by  a  second  test  apparatus  that  allows  the  conditioned 
side  of  the  test  material  to  be  exposed  to  N20^/N02  vapor  while  the  concentra¬ 
tion  of  NO2  In  a  2-l/mln  flow  of  sweep  air  is  monitored  on  the  other  side  of 
tnc  material*  The  "breakthrough  time"  of  the  material  is  defined  as  the  time 
required  for  the  NO2  concentration  in  the  sweep  air  to  reach  0*09  parts  per 
million  MO2  as  determined  by  the  Ecolyzer  electrochemical  detector.  Since  the 
experimental  parameters  and  conditions  were  carefully  controlled,  the  break¬ 
through  times  %>ere  used  to  rank  the  permeation  resistance  of  different 
materials. 

In  order  to  evaluate  the  effects  of  the  conditioning  temperature, 
eliminate  any  problems  with  preferential  decay  of  the  material  at  the  edge  of 
the  conditioning  cell,  avoid  the  potential  effects  due  to  the  depth  of  the 
liquid  hypergol  on  the  material,  and  reduce  the  safety  concerns  in 
implementing  the  initial  water  rinse,  we  designed  the  special  conditioning 
apparatus  described  in  Section  III  and  in  Appendix  A.  These  spparatus  allow 
the  temperature  of  the  hypergol  reservoir  and  conditioning  block  to  be 
controlled,  provide  for  conditioning  larger  areas  of  the  material  than  are 
required  in  the  permeation  test  cell,  reproducibly  deliver  50  ml  of  chilled 
liquid  hypergol  onto  the  material,  and  provide  for  remote  control  of  the  water 
rinse  and  the  air  purge  of  the  system. 

In  order  to  evaluate  Che  effects  of  the  temperature  during  the  permeation 
test,  of  Che  differential  pressure  across  the  fabric,  and  of  the  concentration 
of  the  oxidizer  on  Che  NO2  breakthrough  times  for  the  PHE  material,  we 
designed  the  special  permeation  test  apparatus  described  in  Section  III  and  in 


Appendix  A*  It  should  be  noted  that  the  absclutc  pressure,  the  NO2  concen¬ 
tration,  and  the  temperature  of  the  permeation  test  uere  not  previously 
controlled  or  defined  In  the  MMC  T79-80A  test  procedure. 

We  found  that  a  step-by-step,  check-lt-off-as-you-go  procedure  was 
required  In  order  to  ensure  that  the  experimental  apparatus  and  procedures 
were  reproducible.  Once  the  detailed  test  prrocedure  was  established,  it  was 
then  possible  to  evaluate  the  effects  of  the  various  Individual  experimental 
parameters  on  the  NO2  breakthrough  times  for  the  PHE  coverall  material, 
without  excessive  scatter  caused  by  procedural  Inconsistencies.  The  detailed 
test  procedure  Is  available  upon  request;  It  Is  briefly  summarized  In  the 
following  paragraphs. 

A.  MATERIAL  PREPARATION  AND  CONDITIONING 

The  material  samples  were  visually  examined  to  ensure  that  they  had  no 
flaws.  Their  thickness  was  measured  to  within  ±0.002  me  by  a  digital 
micrometer  (Fowler)  and  recorded.  In  order  to  avoid  contamination  of  the 
samples,  they  were  manipulated  by  their  edges  with  tweezers.  The  materia)  was 
rinsed  with  deionized  water  to  remove  any  particulates  or  foreign  materials, 
then  was  hung  by  Its  edge  to  dry  In  the  room  air  for  at  least  8  hr,  or  as  long 
as  a  «ieekend. 

The  material  was  Installed  In  the  clean,  dry  conditioning  apparatus  In 
the  morning  that  the  conditioning  was  to  be  performed.  The  tempcratiire  of  the 
conditioning  block  was  set  to  the  specified  temperature  before  the  material 
was  Inserted,  and  was  maintained  at  the  specified  temperature  throughout  the 
course  of  Che  conditioning.  The  leveled  (0  <■  180*  In  Figs.  1  and  2) 
conditioning  block  was  leak-tested  by  being  pressurized  with  air  to  a  gage 
pressure  of  2500  Pa  (10  In.  of  water),  after  which  Che  rate  of  decay  In  Che 
pressure  was  monitored  when  the  air  flow  was  turned  off. 

The  hypergol  was  Introduced  Into  Che  hypergol  reservoir  and  allowed  to 
come  to  thermal  equilibrium  at  the  specified  conditioning  temperature.  To 
Initiate  hypergol  exposure,  the  valve  at  the  bottom  of  the  hypergol  reservoir 
was  opened,  allowing  the  50  ml  of  hypergol  to  drain  onto  the  material. 
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After  55  •  of  exposure  to  the  liquid  hypergol,  the  test  cell  was  lowered 
(9  ■■  115”),  and  at  60  s  after  the  start  of  the  hypergol  exposure  the  water 
rinse  was  initiated.  The  test  cell  was  slowly  raised  and  lowered  during  the 
50  3  of  water  flow  (1.5  i/min) ,  in  order  to  ensure  that  the  entire  suiface  of 
the  fabric  was  rinsed.  The  water  was  then  purged  from  the  system  for  5  min 
with  dry  air  (15  l/min). 

The  material  was  then  removed  from  the  conditioning  chamber  and 
sequentially  immersed  into  three  beakers  of  the  deionized  water  for  15,  15, 
and  30  s,  respectively,  to  ensure  uniform  rinsing  of  the  surface.  The 
material  was  then  hung  in  a  corner  of  the  hood  to  air-dry  overnight. 

Although  the  above  description  of  the  conditioning  applies  to  both  the 
fuel  and  the  oxidizer,  different  detailed  test  procedures  were  required  to 
take  into  account  the  differences  in  the  experimental  apparatus  as  well  as  in 
the  waste  disposal  requirements. 

B.  THE  PERMEATION  TEST  PROCEDURg 

During  the  permeation  test,  the  test  cell  temperature,  the  oxidizer 
bubbler  temperature,  the  air  flows,  the  absolute  pressure  (102,700  Pa  •  1.013 
atmospheres  770  am  Hg)  in  the  top  side  of  the  test  cell,  and  the  differen¬ 
tial  pressure  across  the  material  were  carefully  controlled.  The  test 
materials  were  clamped  in  the  Pyrex  test  cell  and  a  butyl  rubber  0-rlng  was 
used  to  ensure  an  airtight  seal  on  the  sweep-air  side  of  the  sample.  The 
exposed  area  of  material  was  24.6  (i.e.,  the  i.d.  was  5.6  cm). 

Permeation  of  NO2  was  monitored  by  an  Energetics  Science,  Inc.  (ESI)  7000 
series  Ecolyzer,  «rhich  is  an  electrochemical  detector.  Air  Products  breathing 
air  was  swept  over  the  unexposed  side  of  the  test  material  at  a  rate  of 
2  i/min  and  sampled  by  the  ESI  detector  at  0.71  t/min.  The  excess  sweep  gas 
was  vented  into  the  duct  of  the  hood  in  which  the  entire  apparatus  was 
situated. 

After  the  above  experimental  parameters  were  established  .rlth  air  flowing 
through  the  bottom  of  the  test  cell,  the  hypergol  exposure  was  Initiated  by 
simultaneously  switching  three  solenoid  valves  that  stopped  the  air  flow  Into 


th«  boCtOB  of  th«  ease  call  uhlla  dlvarcing  cha  ~2*4  aolaa  of  ''N204''/Bln 
(calculated)  flow  into  the  bottom  of  the  teat  cell.  A  regulated  source  of 
''N204‘'  vapor  was  provided  by  purging  a  liquid  N20^  bubbler  with  a  few  ml/mln 
(5  al/mln  for  the  293 .l-K  bubbler  tesperature)  of  breathing-quality  air.  We 
use  aolaa  of  ‘*N20^''  to  aaan  the  Mias  that  would  exist  If  there  were  no 
dissociation  to  NO2. 

Two  characteristic  tlaea  ware  recorded  for  each  test.  The  breakthrough 
tlae  (t  •  0.09)  was  defined  as  the  tiae  alapaed  between  the  Initiation  of 
hypergol  exposure  and  the  attalnaent  of  0.09  ppn  of  NO2  In  the  sweep  air.  The 
second  characteristic  tlae  (t  >  3.0)  was  the  tlae  elapsed  between  the 
Initiation  of  hypergol  exposure  and  the  attainment  of  3.0  ppa  of  NO2  In  the 
sweep  air. 


lABOtATOtT  ortmiows 


Th«  A«ro«p«cc  Corporation  funcclooa  ta  aa  'archtcact-anglnaar*  for 
national  aacurltjr  projacta,  apaclallalng  la  arfrancai  allltary  apact  ayataaa. 
Providing  rtaaarch  aupport,  cha  corporatloa'a  Laboratory  Oparatlona  conducta 
axparlaantal  and  chaoraclcal  Invaatlgatlona  that  tocui  oa  Cha  application  of 
aclantlfle  and  Cachnlcal  advaneaa  to  auch  ayataaa.  Vital  to  Cha  auceaaa  of 
thaaa  lavaaclgatlona  la  cha  tachnlcal  ataff'a  alda-^anglag  axportiaa  and  Ita 
ability  Co  atay  currant  with  na«  davalopaaaca.  Ihia  aaportiao  ia  anhaocad  by 
a  raaaarch  prograa  aland  at  dealing  with  cha  aaay  problaaa  aaaoclacad  with 
rapidly  evolving  apace  ayaceaa.  Concrlbuclag  their  capablllclea  Co  Cha 
reaearch  effort  are  cheae  Individual  laboracorlaa: 

Aerophyalca  Laboratory:  Launch  vahlcla  and  reentry  fluid  aachanlca,  heat 
tranafer  and  flight  dynaalca;  chanlcal  and  electric  propulalon,  propellaaC 
chealacry,  chealcal  dynaalca,  anvlronaantal  chaalacry,  trace  dateccloa; 
apacacrafe  atructural  aachanlca,  concaalnatloa,  charaal  and  atructural 
control;  high  tanperature  theraoaachanlea,  gaa  klnettca  and  radlatloa;  e«  aad 
pulaed  chealcal  and  exclaar  laaar  davalopaaat  lacludtng  chealcal  klnaclca, 
apeccroacopy ,  optical  reaonatora,  beaa  eoacrol,  acaoepharlc  propagation,  laaar 
af facta  and  eounceraeaaurea. 

Chealatry  and  Phyalea  Laboratory;  dtanaphactc  chealcal  raectlona, 
acaoapherlc  opr  lea,  light  acatcarlog,  atata  apaetfle  chanlcal  raacclona  aad 
radiative  algnacurea  of  alaalla  pluaaa,  aaaaar  aaC-of •fiald-^f-aiaw  rajacclua, 
applied  laaar  apeccroacopy,  laaar  ehaatatry,  laaar  opcoelaccrootca,  aolar  call 
phyalea,  bacterv  electrochaalatry ,  apaca  vaeaaa  and  radiation  affacca  on 
aacarlala,  lubrication  and  aurfaca  phenoneoa,  tharalonle  aalaaton,  photo* 
aenalclva  aacarlala  and  deteetora,  atoaUe  fraguancy  acandarda,  and 
anvlronnantal  chaclatry. 


Coapucer  Science  Laboratory;  nrogran  vartf Ication,  prograa  Cranalatlon, 
parfomanca-aenatclve  ayatan  daalgn,  dletrlbutad  archltecturea  for  apeceborna 
conpucera,  fault-tolerant  coapucer  ayataaa,  artificial  Intel Itganca ,  alcro- 
alactronlca  appllcstlona,  coanuntcatloa  proCoeolt,  aad  coapucar  aacurlty. 

tlectronlca  teaearch  Laboratory:  Nlcroelectroelca,  aolld-ecaca  device 
phyalea,  coapound  aanlconductora,  radlatloa  hardaatng;  eleccro-opctca,  guantua 
•  Ivctronlca,  aotld-atata  laaara,  optical  propagation  and  coaaunlcat Iona; 
alcrowava  aentconductor  davlcaa.  alcrowava/allltaatar  eava  aeaauraaant a , 
dlagnoaclca  and  radloaacry,  alcrovave/all  llaacar  aava  tharalonle  davlcaa; 
atonic  tlaa  and  fraguency  acandarda;  anctnnia,  rt  aratana,  alactronagnat tc 
propagation  phanoaana.  apaca  conaualcatton  ayataaa. 

Watarlala  Vtencaa  Leboratory:  Davalapaaat  of  aaw  aacarlala:  aatala, 
alloya,  careaica,  polyaera  and  chelr  coapodlctd,  aad  naw  foraa  of  carbon;  non- 
daairucClva  evaluation,  coaponent  failure  aulyata  and  rallablllty;  fracture 
aacheatea  and  atreea  corroalan;  analyalt  aad  evaluatloe  of  aacarlala  uc 
cryogenic  aad  elevated  tcapetetuiee  ee  vail  aa  la  apaca  aad  anaay-induced 
environaanca. 

Space  Sclencea  Laboratory:  Hagneteipaertc,  aeroral  and  coaale  ray 
phyalea,  wave-parttcla  tnteractloaa,  aagantaafharlc  plaaaa  aavae;  ataeapbarte 
and  tonoapharir  phyalea,  denatcy  aad  coepoattloe  of  the  upper  etaeapharn, 
renota  eenatrg  ueing  etaoapherlc  radlatloa,  cater  phyclca,  letrered  vaironoay, 
Intrared  •Ignature  analyata;  effecCa  of  tolar  activity,  eagnatic  atoma  and 
nuclear  t>plaatane  on  the  earth'i  ataoa^twre,  Isnoaphera  and  eagnecoaphere; 
effecta  of  alectranagttec  tc  and  particulate  radUtloae  oa  apace  ayacoae;  apace 
Inatrunantatton. 


